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ENERGY-MOMENTUM RELATION IN 
LIQUID HELIUM BY INELASTIC SCATTERING 
OF NEUTRONS 


D. G. Henshaw 


Division of Physics, Atomic Energy of Canada, Limited, 
Chalk River, Ontario, Canada 
(Received July 14, 1958) 


Measurements of the momentum changes of 
neutrons scattered inelastically from condensed 
systems yield information about the atomic mo- 
tions of the scatterers. The scattering of neu- 
trons from liquid helium at about 1°K may be tn- 
terpreted in terms of the theory of Cohen and 
Feynman’ to yield the energy-momentum rela- 
tionship first proposed by Landau’ and later by 
Feynman and Cohen® and Brueckner and Sawada.‘ 

The wavelength change of neutrons scattered 
inelastically from liquid helium at several tem- 
peratures has been measured at four angles of 
scattering. Two instruments have been used. 
With one, the wavelength shift of the beryllium 
“edge” of neutrons scattered from liquid helium 
has been measured at 45.4° and 90° using the 
Chalk River filter chopper apparatus.® With the 
other, the actual spectrum of neutrons scatter- 
ed from liquid helium at several temperatures 
has been measured at 80° using the rotating- 
crystal time-of-flight neutron spectrometer*® 
while the shift at low liquid temperatures has 
been measured at 35° and 80°. The upper limit 
of the broadening of the spectrum at the lowest 
liquid temperatures has been estimated from 
the change in the slope of the edge caused by the 
liquid helium measured with the first apparatus. 

For all the measurements, the liquid helium 
was contained in a scattering chamber 2] in. 
diameter and 24 in. high. For analysis of the 
wavelength distribution of the incident neutrons, 


alin. diameter vertical cylinder of vanadium 
chips was mounted axially in the scattering 
chamber. 

At the lowest liquid temperatures, the broaden- 
ing due to the liquid helium is <0.5°K. Thus at 
the lowest liquid temperature there is a well 
defined change in wavelength of the scattered 
neutrons. The corresponding changes in energy 
SE and momentum Q of the scattered neutrons 
have been calculated for each angle of scattering 
and the results are listed in Table I. 


Table I. Momentum and energy change of neutrons 
scattered from liquid helium. 


Angle of 
scattering 








Neutron 
wavelength 


Liquid 
temperature 


Q AE 





Degrees A! K 





35 
45.4 
80 
90 





Similar measurements” ® are in agreement 
with those reported here. 

These momenta and energies give directly' the 
energy-momentum relation of the excitations in 
liquid helium at low temperatures. The values 
are shown plotted in Fig. 1, and a smooth curve 
has been drawn through the points. The para- 
bolic curve represents the excitations for free 
helium atoms and the broken line which rises 
linearily from the origin represents the phonon 
excitation for a velocity of sound® of 237 meters 
sec™?. 

The results indicate that for low momenta, the 
measured excitations approach the theoretical 
phononexcitation, while at higher momenta, the 
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titative agreement between the theoretically cal- 
culated and measured curve. The minimum of 
the excitation curve is about Q=1.83 A~! and 
AE=8.1°K corresponding to the momentum p,/h, 
and energy A/k, of the minimum of the Landau 
roton curve. The value of 4/k=8.1°K is consis- 
tent with the value of ~8°K deduced from specific 
heat measurements. *° 
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EXCITATION CURVE 
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b 
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i=) 8 


@ 


“LIQUID HELIUM 
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MOMENTUM (2T71/A a~') 

FIG. 1. The excitation curve in liquid helium. The 
points represent the measured change in energy and 
momentum of the scattered neutrons. The smooth 
curve drawn through the points-is a guide to the eye 
and gives the expected form of the excitation curve. 
The minimum is at 1,93A~! and 8.1°K which corres- 
ponds to the minimum of the Landau roton curve. The 
parabolic curve represents the excitation of free he- 
lium atoms while the dotted curve gives the calculated 
phonon excitation curve for a velocity of sound of 237 


meters sec. ~ 


measured curve falls below the free-particle 
excitation curve.* The form of the measured 
curve shows both the minimum and maximum 
predicted theoretically’ but there is not quan- 


FIG. 2. The spectrum of neutrons 
scattered from liquid helium at sev- 
eral temperatures using the rotating- 
crystal spectrometer. The vanadium 
curve gives the wavelength distribu- 
tion of incident neutrons uncorrected 
for the resolution of the instrument. 
The liquid helium curves have been 
corrected for the wavelength sensi- 
tivity of the instrument and normaliz- 
ed on the basis of liquid density. The 
curves at 2. 08°K and 4. 21° K have 
been corrected for instrument 
resolution. 


be oe ee Fees Pare Pen) ares ares ar ee Oa that 


NEUTRON WAVELENGTH (ANGSTROMS) 


VANADIUM 


The wavelength distribution of 4.14 A neutrons 
scattered through 80° by specimens of liquid 


helijm at 1.27°K, 1.57°K, 2.08°K, and 4.21°K and 
from a specimen of vanadium chips is shown in 


Fig. 2. All the curves have been corrected for 


the wavelength variation of the instrument sen - 


sitivity and normalized on the basis of the liquid 


density. In addition the curves at 4.21°K and 


2.08°K have been corrected for instrument re - 
solution using the measured scattering at 1.27°K. 


With increasing liquid temperature, the spectrum 


of scattered neutrons broadens and the position 
of the maximum moves to shorter wavelengths. 
The change in the form of the spectrum will be 
more readily seen by comparing it with that ex- 


pected from a system of free particles having 


mass of about 2.6 helium masses. This free- 
particle mass gives the same energy change for 
neutrons scattered through an angle of 80°. The 
energy distribution of neutrons scattered from 
such a system at several temperatures has been 
calculated using a formula due to Spiers." 

The full widths at half maximum of the calcu- 
lated energy distributions for the system of free 


particles are compared with the width of the 


energy distribution of neutrons scattered from 
liquid helium in Table II. 


INELASTIC SCATTERING OF NEUTRONS 
FROM LIQUID HELIUM 
ANGLE OF SCATTERING 80° 


\! 
‘ T*2-08°K 





Te4-21°K 
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Table II. Width of energy distribution of neutrons 
scattered through 80°. 





Calculated for 
free particles; 
liquid helium m=2.6 helium masses 

Liquid Full width at Particle Full width at 

Temperature half maximum temperature half maximum 
°K °K °K K 

1.27 < 0.5 0.5 6.4 
1,57 <I 
2.08 8. 
4.21 22. 


Experimental 


° 





5 2 12 
5 4 17.3 








The measured and calculated widths for tem- 
peratures at and above the A point are similar, 
while for temperatures below the A point the 
measured widths are very small compared to 
the calculated widths. The major portion of the 
change occurs between the A point and 1.6°K, the 
region of the maximum in the specific heat 
anomaly. This suggests that the A transition is 
associated with a marked change in the atomic 
motions. 

Preliminary measurements of the distribution 
of neutrons scattered through 80° by liquid helium 
at 1.4°K have been made at pressures of 3.7 and 
21.4 atmospheres using the rotating-crystal spec- 
trometer. These results indicate that the spec- 
trum at 21.4 atmospheres is broader and the 
maximum is at a shorter wavelength than at 3.7 
atmospheres. The difference between the two 
curves indicates that the energy change of the 
scattered neutrons is lower by about 1°K at the 
higher pressure. This change is consistent with- 
in experimental error with the expected decrease 
in 4/k of about 0.8°K predicted by the theory of 
Landau ™ for a change in liquid pressure from 
0 to 25 atmospheres. 

Further measurements are being made and 
the analysis of these measurements is continuing. 
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LOW-LEVEL ABSORPTION IN GERMANIUM! 


T. S. Moss and T. D. H. Hawkins 


Royal Aircraft Establishment, 
Farnborough, England 
(Received July 1, 1958) 


Values of the absorption coefficient of Ge near 
the band edge have been extended to much lower 
levels by measurements of photoconductivity of 
suitable specimens. These specimens were thin 
bars of cross section 5x0.5 mm? and length ~4 
cm. The radiation from a monochromator was 
focussed onto one end face. Reflections from 
the other end face were eliminated by coating 
the surface with a layer of PbS which has the 
same refractive index as Ge and an absorption 
coefficient ~10* cm in the 2u region. 

Electrodes were soldered to the sides of the 
bars a few mm from either end. The Ge be- 
tween the front surface and the first electrode 
acts as a filter which reduces the sensitivity of 
the device at short wavelengths, thus minimiz- 
ing the effects of any scattered radiation when 
measuring the low signals obtained at the longest 
wavelengths. 

The sides of the bar were etched with super- 
oxol to give low surface recombination. Under 
these conditions the photoconductive signal is 
proportional to the total absorption in the sam- 
ple, i.e., 


t 
sx, Kexp(-Kx) dx or S=Aexp(-Kt,) 
2 
- Aexp(-Kt,), 


where A is a constant and ¢,, 4, are the dis- 
tances of the electrodes from the illuminated 
end. 

For the first specimen, where ¢, =2 mm and 
t,=34mm, it is readily shown by differentiation 
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of the above equation that maximum signal oc- 
curs at K= 0.90 cm™ when S,,,,=0.81A. Hence 
0.81 S/Sinax = exp (-Kt,) - exp (-Ké,). From this 
equation absolute values of K are readily ob- 
tained for any value of S. For later specime.i., 
t, was increased to ~5 mm. 

All the Ge used was 50 ohm-cm, ptype. A 
double monochromator with silica prisms was 
used, particular care being taken to maintain 
high spectral purity of the radiation. The spec- 
tral bandwidth was 0.005 ev. 

The results for 15°C are shown by the points 
in Fig. 1, from which it may be seen that ab- 
sorption coefficients as low as 10°°cm™ were 
measurable. The dashed line shows the lowest 
values given by Macfarlane ef al.’ - obtained 


from transmission data at 18°C. The agreement 
is seen to be good. 

It is clear that absorption producing free car- 
riers is still taking place at energies <0.57 ev, 








68 
PHOTON ENERGY (¢V) 


FIG. 1. The low-level absorption edge of germa- 
nium at 14°C. 
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FIG. 2. Analysis of absorption in germanium. 


which contrasts with the energy gap of 0.669 ev.* 
Two well defined parts of the absorption spec- 
trum are analyzed in Fig. 2; they show that in 
the 0.59 - 0.62 ev region the absorption is well 
represented by 


K «(E - 0.576)*, 
while at the lowest levels one has 
K «(E- 0.560)”, 


These energy thresholds are thus 0.093 ev and 
0.109 ev, respectively, less than the energy gap. 

The mechanism of these low-energy transi- 
tions is not yet established, but it is possible 
that the highly energy-dependent term is asso- 
ciated with transitions from occupied acceptors 
to the conduction band or to empty donor levels. 
Also multiple phonon effects may be important.” 

Our thanks are due to S. E. Bradshaw of Gen- 
eral Electric Company, Wembley, for kindly 
supplying the Ge, to A. K. Walton, E. P. John- 
son, and I. D. Birch of this laboratory for as- 
sistance, and to C. Hilsum of Services Electron- 
ics Research Laboratory, Baldock, for supply- 
ing the photoelectromagnetic detector. 





t Published by permission of the Controller, H. M. 
Stationary Office. 

‘Macfarlane, McLean, Quarrington, and Roberts, 
Phys. Rev. 108, 1377 (1957). 

2A likely second-order process to explain the lowest 
absorption band involves simultaneous transitions 
from valence maximum to the conduction maximum and 
from k ~0 in the conduction band to the conduction 
mininum — in the opposite direction — requiring an 
energy of 0.67-(0.80-0.67), or 0.54 ev. 
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OPTICAL PROPERTIES OF DIAMOND TYPE 
CRYSTALS 


Melvin Lax 
Bell Telephone Laboratories, 
Murray Hill, New Jersey 
(Received July 22, 1958) 


Mashkevich and Tolpygo’ have recently made 
a detailed calculation, using the adiabatic and 
Hartree-Fock approximations, of the electric 
moments induced in a diamond type crystal that 
are linear in the atomic displacements. Con- 
trary to a proposal of Lax and Burstein? that the 
intrinsic part of the lattice vibration spectrum 
represents combination bands based on a second- 
order electric moment, Mashkevich and Tolpygo 
suggest that a first-order electric moment exists 
and that the observed spectrum may be associat- 
ed with the fundamental (long wavelength) optical 
vibration mode. 

Mashkevich and Tolpygo are correct in stating 
that first-order electric moments may exist on 
the atoms during vibration. However, the total 
first-order electric moment of the crystal must 
vanish because the diamond structure possesses 
a center of symmetry half-way between the two 
atoms in the primitive cell.* In the customary 
approximation that the light wave interacts with 
the optical vibration mode of zero propagation 
constant, it is sensitive to the total electric 
moment and no absorption would occur. If the 
light wave interacts with a mode of propagation 
constant & (rather than zero) then the total 
electric moment including retardation effects 
will not vanish, but will be of order kd times 
the moment that would occur in the correspond- 
ing ionic crystal, where d is the range over 
which a single displaced atom will induce mo- 
ments. Since the absorption is proportional to 
the square of the electric moment, the funda- 
mental absorption line should be smaller by a 
factor (kd )* than the corresponding absorption 
by ionic crystals (rather than the factor kd 
quoted by Mashkevich and Tolpygo). If we take 
d to be of the order of the cubic lattice constant, 
and k =27/(wavelength of absorbed light), then 
(kd)* would be of order 10, i.e., negligible. 

If a crystal of diamond structure were found 
to have a linear electric moment [ of order unity, 
or even (kd) 2] we would have macroscopic 
example of parity nonconservation in a situation 
not involving the “ weak interactions” discussed 
by Lee and Yang.* 

The strong line (see Fig. 1) in the germanium 


spectrum at345 cm™'=10.35 x 10'*/sec=0.0428 ev 
would therefore constitute a violation of parity 
conservation if it could be interpreted, as Mash- 
kevich and Tolpygo suggest, as associated with 
a linear electric moment. Fortunately, we are 
now in a position to decide whether this strong 
line is associated with the fundamental optical 
vibration frequency (“Raman frequency”) or 
represents a combination band as suggested by 
Lax and Burstein.’ 
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FIG. 1. Intrinsic absorption spectrum of germanium 
by Collins and Fan, and Simeral, with the assignment 
of combination bands suggested by Brockhouse and 


Iyengar. 


Recent work on inelastic scattering of neutrons 
by germanium by Brockhouse and Iyengar, ° and 
by Pelah, Eisenhauer, Hughes, and Palevsky® 
have yielded information on the vibration spec - 
trum of germanium consistent with each other 
and with information obtained by Haynes’ and by 
MacFarlane ef al.,* using infrared techniques. 
(The germanium vibration spectrum will be 
discussed in more detail in an adjoining letter.) 

Brockhouse and Iyengar® quote the long-wave- 
length optical phonon as (9.0 +0.3) x 10*?/sec 
whereas Pelah ef al.® quote the value 0.037 ev 
=8.9x10'*4ec, both of which are slightly, but 
significantly, below the frequency 10.35 x10!7/ 
sec. Furthermore, Brockhouse and Iyengar 
have shown that the infrared lattice absorption 
data of Collins and Fan® and of Simeral’® could 
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be fitted (see Fig. 1) by a reasonable assignment 
of summation and difference bands consistent 
with selection rules derived by Lax and Burstein. 
Additional confirmation of the second-order 
nature of the electric moment may be obtained 
from the temperature dependence of the absorp- 
tion data of Collins and Fan® for germanium,si- 
licon, and diamond. A linear electric moment 
coupled to a lattice oscillator in state n would 
give an absorption proportional to (m+1) and an 
induced emission proportional, with the same 
constant, to n, so that the net absorption n+l-n 
is independent of the quantum state of the os- 
cillator and hence independent of temperature. 
For a second-order electric moment, however, 
coupled to two oscillators in states n and n’, 
the absorption is proportional to (m+1) (m’+1) and 
the induced emission is proportional to nn’ so 
that the net absorption” is proportional to 
n+n'+1=(n+3) + (n’+ 3). Since the mean squared 
displacement of a mode is proportional to n+ , 
we may expect the absorption to have the tem- 
perature dependence of the mean squared dis- 
placement of the atoms averaged in some weight- 
ed fashion” over the available vibration spect- 
rum. Figure 2 presents Collins and Fan’s® plot 
of the temperature dependence of their main 


/ 


Ge 
Ge colcuicte6 — — 
@: 363°K / eaperimenta! 


7 





Dromond 
6: 2340°K 





FIG. 2. Calculated curves of mean square displace- 
ment of atoms due to thermal vibrations for german- 
ium,silicon,and diamond. The points give the relative 
magnitudes of the strongest absorption peaks. Points 
and curves are from Collins and Fan. 
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absorption peaks compared to (7r*) 4, computed 


by giving uniform weighting to a Debye spectrum. 
The unusual agreement certainly rules out the 


possibility of explaining the observed data by 
means of a linear electric moment. 

It may be worth commenting, here, that a re- 
cent attempt has been made by Stephen” to fit 
the absorption spectrum of diamond using the 
second-order moment theory of Lax and Bur- 
stein and the vibration spectrum computed for 
diamond by Smith."* The results of Stephen’s 
calculation must be regarded as entirely ten- 
tative because Helen Smith’s calculations are 
based on elastic constants now known to be in- 
correct, '* and on a second-nearest-neighbor 
approximation that is demonstrably false at least 
for silicon and germanium. (See the accompany- 
ing letter.**) 





! V.S. Mashkevich and K.B. Tolpygo, Soviet Phys. 
JETP 5, 435 (1957); V.S. Mashkevich, Soviet Phys. 
JETP 5, 707 (1957). 

2M. Lax and E. Burstein, Phys. Rev. 97, 39 (1955). 

3 The proof stated in the line following Eq. (6.4) 
of reference 2 for a one-dimensional model is valid 
without modification for the diamond structure. In- 
deed, the same proof implies that the linear part of 
all odd electric moments of the crystal as a whole 
must vanish. 

‘T.D. Lee and C.N. Yang, Phys. Rev. 104, 254 
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* B.N. Brockhouse and P.K. Iyengar, Bull. Am. 
Phys. Soc. Ser. II, 3, 192 (1958); Phys. Rev. 108, 
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Am. Phys. Soc. Ser. II, 3, 60 (1958). 
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'€ Melvin Lax, following Letter [ Phys. Rev. 1, 133 
(1958)]. 





VOLUME 1, NUMBER 4 


PHYSICAL 


REVIEW 


LETTERS AuGusT 15, 1958 





QUADRUPOLE INTERACTIONS AND THE 
VIBRATION SPECTRA OF DIAMOND 
TYPE CRYSTALS 


Melvin Lax 


Bell Telephone Laboratories, 
Murray Hill, New Jersey 
(Received July 22, 1958) 


Unassailable evidence that the vibration spec- 
trum of germanium and silicon possess an un- 
usual character can be based upon the work of 
four independent experimental groups. 

The fundamental optical vibration frequency in 
germanium of 0.037 ev measured by Pelah, 
Eisenhauer, Hughes, and Palevsky’ using ine- 
lastic neutron scattering and time of flight meth- 
ods is corroborated by the value (9.0 +0.3)x10" 
cycles per second quoted by Brockhouse and 
Iyengar.? The latter have made an unusually 
complete study of the Ge vibration spectrum 
shown in Figs. 1 and 2. Of the four frequencies 
at the [111] point quoted by Brockhouse and lyen- 
gar: transverse optical (TO) 8.4+0.3, longitu- 
dinal optical (LO) 7.4+0.3, longitudinal acoustic 
(LA) 6.45+0.3, transverse acoustic (TA) 1.95 
+0.10, the two acoustic frequencies are in agree- 
ment with values obtained by Macfarlane, 
McLean, Quarrington, and Roberts® using infra- 
red absorption methods, and at least three have 
been confirmed by Haynes‘ using infrared emis- 
sion techniques. 

In addition, Haynes, Lax, and Flood’ obtain 
phonon energies at the conduction band edge in 
silicon (in the [100] direction about 83% of the 
way to the zone boundary) of TO 0.119 ev, LO 
0.083 ev, LA 0.055 ev, TA 0.016 ev, with errors 
of less than a few thousandths of an electron 
volt. The acoustic frequencies are consistent 
with the values LA 680°K and TA 230°K obtained 
by Macfarlane ef al.® 

One way to emphasize the unusual nature of 
these results is to quote the large ratio of 
wy A/a: In Ge at the [111] and [100] zone 
edges it is 3.4 and 2.8, respectively. In Si, 83% 
of the way to the [100] boundary it is 3.4 and 
presumably would be higher at the boundary. 

To illustrate the unusual nature of these re- 
sults, an attempt made by the author to fit 
Haynes’ data for silicon will be described. Two 
arbitrary nearest-neighbor force constants and 
three relevant’ second-neighbor force constants 
were constrained to fit the three elastic constants 


OTA (+) > TO (+) 


PLA(+) 4 LO (+) 


@ 


As ep a 
7} [100) Be 


> FQ Dm WN 


FREQUENCY -vy (10!*sec’!) 
uw 


02 04 06 O08 10 
9/4 max 
005 O10 O15 
q/2TT( A’) 


02 04 06 O08 10 
9/4 max 
005. 010 O15 
q/2TT ( A’) 
FIG. 1. Vibration spectrum of germanium in the 
{ 111] and [100] directions as measured by Brockhouse 
and Iyengar. 


FREQUENCY v (102 sec-!) 


DISTANCE ALONG ZONE BOUNDARIES (10° cm-') 

FIG, 2. The frequency of transverse acoustic pho- 
nons at the zone boundary in the 110 plane. In units 
of (21/a), where @ is the cube edge, the significant 
points are F = [1,0,0], F = [(1,1/4,1/ 4], G = [1/ 2, 
l/ 2, 1/ 2], H = (3/4, 3/4, 0]. The points F and H 
are equivalent. 


leaving two completely independent parameters. 
Adjustment of these two parameters by mini- 
mizing the TA frequency at the [100] zone bound- 
ary still produced a theoretical frequency 50% in 
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excess of the observed transverse acoustic fre- 
quency. The discrepancy in germanium is even 
worse. Introduction of four third-neighbor con- 
stants helps, but does not eliminate the difficulty. 

We are therefore forced to a possible re-eval- 
uation of our fundamental concepts. Either the 
entire force-constant picture is invalid because 
of some failure of the adiabatic approximation, 
or some forces of quite long range are present 
that act via the distortions and compressibility 
of the valence electron gas. 

Before any more drastic explanation is pro- 
posed, we would like to suggest that quadrupole- 
quadrupole interactions are not only allowed by 
the symmetry of the diamond structure but may 
play a significant role in the vibration spectra of 
these and other materials.* The strong angular 
dependence of the transverse acoustic frequency 
around the boundary of the Brillouin zone shown 
in Fig. 2 would be consistent with such a highly 
angular-dependent interaction. 

A consideration of the symmetry of tae diamond 
structure reduces the 54 possible constants re- 
quired to describe the quadrupole-quadrupole in- 
teraction to a single constant. The interaction 
energy can then be written in the form 


Vex MK PO, (1) 
YT Ts Ss 


where yr and s are spatial indices (=1, 2, 3), i, 
are cell indices, and a, 8 = +1 index the two 
particles in a unit cell; 


K,, 4 (ap /#) [3-15(a2+ 0,2) 
+105 a,? a,"], (2) 


Kyg PY = (apet/#) [-18 a, 0, 
+105 a,a,0,”]. (3) 


The distance between the equilibrium points of 
(a, 7) and (8, j) is represented by R and the di- 
rection cosines of a vector in this direction are 
denoted by a,, @, @. The product a indicates 
a plus sign when both atoms are on the same 
sublattice, a minus sign otherwise. The single 
arbitrary constant is represented by Q. Other 
spatial elements of the matrix K may be ob- 
tained by cyclic permutation of the spatial in- 
dices. 
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An inverse Ff force constant is not short range 
since the number of neighbors increases as F’. 
Furthermore, as emphasized to me by J. C. 
Phillips, the elastic constants involve the force 
constants times FR’, so that a logarithmic diver- 
gence would result. Such a divergence does not 
result because an isotropic angular average 
would cause the above constants to vanish. 

Detailed calculations are now in progress on 
the contribution of the quadrupole - quadrupole 
interaction to the vibration spectrum of diamond 
type lattices using Ewald type summation pro- 
cedures. 





‘Pelah, Eisenhauer, Hughes, and Palevsky, Bull. 
Am. Phys. Soc. Ser. II, 3, 60 (1958). 

2B. N. Brockhouse and P. K. Iyengar, Bull. Am. 
Phys. Soc. Ser. II, 3, 192 (1958); Phys. Rev. 108, 
894 (1957), and Phys. Rev. (to be published). 

3Macfarlane, McLean, Quarrington, and Roberts, 
Phys. Rev. 108, 1377 (1957). 

4J, R. Haynes (private communication). 

5Haynes, Lax, and Flood, Bull. Am. Phys. Soc. 
Ser. II, 3, 30 (1958). 

®See last paragraph of reference 3. 

‘A fourth "anti-symmetric" second-neighbor con- 
stant exists that does not influence the elastic con- 
stants, or the frequencies in the symmetry directions. 

®These quadrupole interactions between a pair of 
displaced atoms may arise because each generates a 
set of dipole moments in its vicinity, the total moment 
of the set being zero. An expansion in moments on 
each atom would then contain quadrupole, 16-pole, 
and higher even-order multipole contributions. For 
simplicity, we may retain the quadrupole interaction 
and regard the higher poles as modifying the force 
constants of the nearest- and next-nearest-neighbor 
interactions. 





RADIATIVE ENERGY TRANSFER IN ZnS 


R. E. Halsted, E. F. Apple, and J. 5. Prener 


General Electric Research Laboratory, 
Schenectady, New York 
(Received July 2, 1958) 


Excitation and recombination processes as- 
sociated with the visible luminescent emission 
of ZnS-type phosphors are generally attributed 
to “electron transitions” between the ground 
state of a luminescent center and excited states 
near or in the conduction band. Recently, how- 
ever, certain absorption characteristics and an 
associated structured infrared emission band 
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with dominant peaks at approximately 1.50 and 
1.65 microns in ZnS phosphors have been iden - 
tified with “hole transitions” between an ionized 
luminescent center’ and energy levels near or 

in the valence band.?~* Assuming the validity of 
this identification, one can test for the existence 
of samples containing normally ionized lumines- 
cent centers by optical means. Furthermore, 
the possibility of free hole generation by radia- 
tive energy transfer can be optically verified 

in samples where the electron recombination 
radiation overlaps the excitation spectrum pro- 
ducing hole recombination radiation. This pos- 
sibility has generally been ignored in treatments 
of recombination kinetics and considered of sec- 
ondary importance in its contribution to energy 
transport in these materials.°~’ The results out- 
lined below indicate, however, that there are 
radiative emission and absorption processes 
which overlap in most ZnS-type materials. An 
example of a radiative energy transfer process 
is presented. 

To investigate these possibilities, a group of 
ZnS phosphor samples were examined for (A) 
infrared emission produced by irradiation at 0.85 
microns® alone at 300°K and 80°K, (B) the spec- 
tral distribution of the emission excited by 3650A 
radiation, ° (C) the spectral distribution of the 
emission produced by simultaneous 3650A and 
0.85-micron irradiation, (D) the diffuse reflec- 
tivity between 0.45 and 2.6 microns, and (£) the 
change in reflectivity produced by 3650A excita- 
tion. The following generalizations appear valid 
from the results. 

-1. The infrared emission band previously iden- 
tified with hole transitions were observed by test 
(C) in every sample containing Cu, and only in 
these samples. This emission was not influenced 
in wavelength by the incorporation of other im- 
purities, e.g., In, Ga, Al, Cl, Sc, Sb. However, 
it shifted 0.01 ev to greater energy with the de- 
crease in band gap between hexagonal and cubic 
ZnS. 

2. The previous optical observations of ZnS 
phosphors containing normally ionized lumines- 
cent centers were confirmed by (A) in both ZnS: 
Cu powders” * and single crystals.* This behav- 
ior was observed in samples containing Cu alone 
or Cu plus other impurities. It was observed in 
samples in which the Cu blue, green, and red 
emission bands were individually dominant. 
Thermal equilibrium was confirmed by cycling 
samples to 470°K in the dark. Preparative pro- 
cedures for such samples are currently under 
investigation. 


3. From (B), the ZnS:Cu samples having a 
3650A excited electron recombination emission 
extending into the 0.85 micron region exhibited 
pronounced characteristic infrared emission 
without simultaneous external 0.85-micron ex- 
citation. Additional 0.85-micron radiation from 
an external source increased the magnitude of 
the infrared emission. Figure 1 shows the emis- 
sion spectrum of a ZnS:Cu, Ga sample in which 
at least 40% of the photons generated by electron 





PHOTONS (RELATIVE) 





WAVELENGTH (10-4 cm) 


FIG. 1. A— Emission spectrum of hexagonal ZnS: 
10“ Cu, 2x10 Ga excited at 3650A, 80°K. B— Ex- 
citation spectrum for the 1.4—2.0-micron IR emis- 
sion band in ZnS (Browne? ). The IR emission is 
excited in this sample by self-absorption of the 0. 7- 
micron emission. 


recombination are absorbed within the sample, 
exciting free holes which recombine, with the 
production of longer wavelength photons. 

4. In ZnS samples where electron trapping can 
create a large density of ionized luminescent 
centers, tests (D) and (E£) reveal that 3650A ex- 
citation produces an absorption band extending 
through the visible region of the spectrum toa 
long-wavelength limit determined by the identity 
of the activator (acceptor) impurity. This in- 
creased absorption can be seen as a decrease in 
diffuse reflection as shown in Fig. 2 for Cu, Au, 
and Ag in ZnS. Under these experimental con- 
ditions, Cu is unique in that it shows a discrete 
lower energy absorption band. 

These results indentify absorption and emis - 
sion spectra with specific activator impurities 
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REFLECTIVITY CHANGE (PERCENT) 





FIG. 2. Change in diffuse reflectivity of hexagonal 
ZnS samples produced by 3650A excitation at 80° K. 
A—ZnS:10 Ag, 2x10 Ga. B—ZnS:10™ Au, 2x10 
Ga. C—ZnS:10 Cu, 2x10 Ga. 


in ZnS. They support an explanation in terms of 
hole transitions and consequently the existence 
of samples with a Fermi level below the middle 
of the forbidden band, i.e., ptype ZnS. By this 
interpretation, Figs. 1 and 2 illustrate a capa- 
bility for the generation of free holes by radia- 
tive energy transfer in ZnS which, in p-type 
materials, is not restricted to the region of ini- 
tial excitation. The existence of such processes 
must play an important role in the luminescent 
and photoconductive behavior of these materials. 

The authors wish to thank W. W. Piper for 
supplying activated ZnS single crystals for this 
survey. 





! The terms "ionized luminescent center" and "un- 
ionized acceptor" are equivalent for this discussion. 
? Pp. F. Browne, J. Electronics 2, 1 (1956-57). 

3 Kastner, Potter, and Aven, Electrochemical 
Society Meeting, New York, 1958 (unpublished), Ab- 
stract No. 33. 

4 F. Ullman and J. Dropkin, Electrochemical 
Society Meeting, New York, 1958 (unpublished), Ab- 
stract No. 38. 

* M. Balkanski, and I. Broser, Elektrochem. 61, 
715 (1957). 


* G. Diemer and W. Hoogenstraaten, J. Phys. Chem. 


Solids 2, 119 (1957) 

' M. Balkanski and R. Waldron, Massachusetts In- 
stitute of Technology Insulation Research, Technical 
Report 123, November, 1957 (unpublished). 

8 "0, 85-micron" radiation here refers to a band 
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from approximately 0.7 to 1.0 microns isolated from 
a tungsten lamp with two Corning No. 2600 filters. 

® 3650A radiation was isolated from a General Elect- 
ric H-100-A4 Hg arc tube with a Corning No. 5860 
filter. 





MAGNETIC FIELD DEPENDENCE OF 
HIGH-FREQUENCY PENETRATION 
INTO A SUPERCONDUCTOR* 


M. Spiewak? 

Department of Physics and 
Institute for the Study of Metals, 
University of Chicago, Chicago, Illinois 
(Received July 28, 1958) 


Preliminary measurements on single-crystal 
wires of superconducting tin have been made to 
study the magnetic field dependence of the sur- 
face impedance at 1000 Mcec as a function of 
temperature. A microwave resonance technique 
similar to that of Pippard was used.'’? A tin 
wire was made the inner conductor of an open- 
circuited coaxial resonant cavity in which the 
high-frequency magnetic field was excited tan- 
gentially to the sample in a plane normal to the 
wire axis. A static magnetic field, H, was ap- 
plied either along the sample axis (longitudinal 
field) or perpendicular to it (transverse field). 

The results reported here indicate that this 
problem is more complicated than was suggest- 
ed by previous investigations at 72.5 cps by 
Laurmann and Shoenberg. and at 9400 Mc sec 
by Pippard.’ They found that the penetration 
depth, A, increased by no more than a few per- 
cent with increasing H in the range0 <H<H,, H, 
being the critical field. The surface reactance, 
X, at 1000 Mc{ec as a function of transverse 
H for a tin sample with crystalline orientation‘ 
a = 88.5°, 8=10° is illustrated in Fig. 1 fora 
few typical values of the temperature, 7. Be - 
cause of demagnetization effects, the measure- 
ments in transverse H represent an average over 
local fields with magnitudes between 0 and 2H 
for an applied field, H. A field variation of X 
implies a corresponding variation in A,'»® and, 
in fact, both X and A are even functions of H. 

Several statements can be made regarding 
the results for this sample in transverse H. 

(1) X, and therefore also A, may decrease as H 
increases; this effect will be referred to as 
anomalous. (2) X is weakly dependent on H, 
except perhaps for H near Hand for 7 near T,, 
T, denoting the transition temperature. (3) The 
field variation of X may be strongly dependent 





VoLUME 1, NUMBER 4 


PHYSICAL REVIEW 


LETTERS AucGustT 15, 








2,0 - 


T=3,553°K 
LS 
T=3,320° m” 


0 
"ye ._ 


J 
en 


—t~<, T=2.454°K 
aU 
2" 


T=120°K——>\_ \ “ 
4 


X(h)—X(0)/AX in Per Cent 








Jj L i i 


ae 
. on 3 4 a 


Reduced Field h= H/H, 





FIG. 1. Variation of the surface reactance at 1000 
Mc/sec of Sn with transverse h. The ordinate repre- 
sents the change in the surface reactance taken be- 
tween the reduced fields h and zero relative to the 
change in X for the transition from the superconduct- 
ing state (i='0) to the normal state, i.e., for the 
sample in the normal state the ordinate is -100%. The 
anomalous behavior corresponds to a positive ordinate. 
Hysteresis occurs for hr 0.6. T.=3.730° K, and 
H,-=303.4 gauss at T= 0° K. 


en 7, particularly near 7. (4) There are two 
mechanisms operative at a given value of T and 
H: one, dominant at high 7, causes A to decrease 
with increasing H and is strongly temperature 
dependent; the other, prevailing at low T, 
causes A to increase and has only a weak tem- 
perature dependence. Evidence for the existence 
of these mechanisms comes from the maxima 
appearing in the field plots of Fig. 1. As T de- 
creases, these maxima diminish in magnitude 
and occur at lower values of the reduced field, 
h=H/H.. (5) The anomalous behavior is not con- 
fined to high T but has been observed for tem- 
peratures as low as 2.1°K, for which the normal 
electron concentration, estimated from a two- 
fluid model, has fallen to 10% of that for T >7;. 
(6) The changes in X, and consequently in A, 
produced by transverse H as a function of T 
approach with zero slope a nonzero value at the 
lowest observed temperatures, in qualitative 
agreement with Bardeen’s theory.°® (7) The func- 
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FIG. 2. Variation of the surface reactance at 1000 
Mc/sec of Sn with longitudinal h. Curves obtained 
for 1.20° K< 7 <3. 543° K are similar. In this sample, 
the variation becomes too small to obtain reliable 
data for 3.55° K<T<T>. 


tional dependence of X =X(H) is, in general, 
quite complicated; but, for T sufficiently low 

so that the anomalous behavior in X is suppress- 
ed, the field variation of X (and therefore also 
of A) can be represented by a que function 
of H. 

The highly anisotropic character of the field 
dependence of X (and A) is exhibited by a com- 
parison for the same sample of the variation of 
X in transverse H (Fig. 1) with that in longitudin- 
al H (Fig. 2). Note the difference in scale for the 
two figures, the measurements of X in longitud- 
inal H showing changes <1% for reduced fields 
h <0.9. In a longitudinal H, this orientation of 
tin exhibits no anomalous behavior in X(H). The 
functions shown in Fig. 2 decrease monotonical- 
ly with H, and can be represented by a term 
AH? for T<3.55°K, h<0.7, and A =A(T). Measure- 
ments on this sample in longitudinal H are not 
sufficiently precise to establish the functional 
form of X in the range 3.55°K<T7< T,. In longi- 
tudinal H, the field variation of X also ap- 
proaches a nonzero limit at very low T, but 
smaller by about a factor of 4 or 5 than the 
asymptotic value in transverse H. 

The anomalous decrease in X with increasing 
H has been observed for:(1) three widely differ- 
ent crystalline orientations of tin; (2) both 
transverse and longitudinal H in Sn; (3) tin 
samples prepared from a commercial 99.98% 
pure ingot and from a more pure zone refined 
ingot’; (4) two indium samples® with widely dif- 
ferent orientations, a=88°, 8=26°, and a=0.5°, 
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8 unspecified, the first showing the anomalous 
behavior in transverse H, the second in longi - 
tudinal H. These experiments emphasize the 
large anisotropy (both in crystalline orientation 
and field direction) associated with this effect. 

In the course of measuring the field variation 
of X, the corresponding variation in the surface 
resistance, R, was observed. Under certain 
circumstances R(H) also shows an anomalous 
decrease with increasing H. A more detailed 
account of the complex behavior of R(H) and 
X(H ) will be given at a later date. 

Although no decrease in A with increasing H 
was reported by Pippard, it is not certain wheth- 
er this anomalous effect is altogether absent at 
9.4 kMc/sec. An unfavorable choice of crystal - 
line orientation and of magnetic field direction 
might have obscured detection of this behavior, 
particularly if at the higher frequency the ef- 
fect is considerably smaller. For these reasons 
a detailed comparison between the experiments 
at 1000 Mc/sec and 9400 Mc/sec is difficult at 
the present time. 

Efforts to explain the anomalous behavior of 
X(H) on the basis of a size effect for the normal 
electron assembly (as observed in the dc mag- 
netoresistance of thin wires of normal metals’) 
have so far been unsuccessful. 

The author wishes to express her gratitude to 
Dr. A.B. Pippard for direction during the initial 
stages of this work and for many valuable sug - 
gestions. 
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Bell Telephone Predoctoral Fellow (1956-7). This 
work is based in part on a thesis submitted in partial 
fulfillment of the requirements for the degree of 
Doctor of Philosophy at the University of Chicago. 
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CORRELATION AND THE ISOTOPE EFFECT 
FOR DIFFUSION IN CRYSTALLINE SOLIDS* 


A. H. Schoen? 


Department of Physics, University of Illinois 
Urbana, Illinois 
(Received July 7, 1958) 


Bardeen and Herring’ showed that for the dif- 
fusion of the atoms of a pure crystalline solid via 
the random walk of lattice vacancies, the direc- 
tions of consecutive jumps of each atom are 
correlated. The effect of such correlation on 
the diffusion coefficient D for this case and for 
other examples of diffusion in cubic cyrstals 
has been analyzed by Bardeen and Herring’ and 
several other authors.?~’ 

We should like to suggest that the dependence 
of D on the isotopic mass of the diffusant is a 
function of the correlation between the directions 
of consecutive jumps of a diffusing atom. Le- 
Claire and Lidiard® have shown that while this 
correlation is zero for interstitial diffusion, it 
is different from zero for diffusion by the in- 
terstice® mechanism as well as by the vacancy 
mechanism. Isotope effect measurements should 
therefore be useful in deciding among possible 
diffusion mechanisms in particular cases. 

Lidiard® has shown that for diffusion by the 
vacancy mechanism of a solute atom B in in- 
finitely dilute solution in a fcc crystal of A 
atoms, 


a w, (w, + 7k, /2) 
6 w,+w, + Tk,/2 


D= 





pb, (1) 


where a is the jump distance; w, m, and k, are 
the probabilities per second that a vacancy ona 
site next to B make an exchange with B, with 
any particular one of the four A atoms which are 
nearest neighbors of both B and vacancy, and 
with any particular one of the other seven A 
atoms adjacent to the vacancy, respectively; 
and p is the fraction of time during which there 
is a vacancy on a site adjacent to B. We may 
use Eq. (1) to evaluate the ratio of the diffusion 
coefficients for two isotopes of an element of 
masses my and mg diffusing in the A crystal. 
We shall assume that w, depends on the isotopic 
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mass of B, but that w,, k,, and p do not. From 
analyses by Wert® and by Lidiard’ of the atomic 
jump frequency T, it is found that 


T(mg)/T (mq) = (mg /mg)?. (2) 
For diffusion by the vacancy mechanism, I'=w, p; 
hence 
w,(mg)/w,(ma)=(mg/mg)”. (3) 


Let us now apply Eqs. (1) and (3) to the evalua- 
tion of the isotope effect for four cases. We de- 
fine the strength of the isotope effect by 


[D (m g)/D(mq)] -1 
1/214 ’ (4) 





» (ma /mg) 
where my >M . 

(a) “Slow” solute atom diffusion: w,(mg)Aw, 

+ Tk, /2)=s << 1. Consecutive jumps of B are 
only weakly correlated, and E=1-s. 

(b) “Fast” solute atom diffusion: 1 (m,)/(w, 

+ Tk, /2)=s>>1. Consecutive jumps of B are 
strongly correlated, and E=1/s. 

(c) Self-diffusion in a pure crystal. The lattice 
(except for the tracer atoms) is treated as con- 
sisting of atoms of a single isotopic species of 
mass m,, with w,(m,)=k,(m,). If [ w,(m,) |(m,)*” 
= [wp (mm y)] (my)?=[ w,(m)] (mg)'?, then 


1 
1 + (2/9)(mg/mg)!/? 


(d) Self-diffusion in a solid solution. For treat- 
ing the diffusion of two isotopes of a constituent 
B of a random solid solution of A and B atoms, 
we make the following assumptions: the proba- 
bility per second that a vacancy make an ex- 
change with a particular neighboring atom X is 
given by w, if X is an A atom and by yw, if Xisa 
B atom; all A atoms are of a single isotopic 
species; all B atoms (except for the tracers) are 
of a single isotopic species of mass m,. We find 

1 


1 +(2/9)(m,/mg)" 2IN+(14'\(1 =N)] 


E 








E (6) 


where s’=w,(m,)/w,, and N is the atom fraction 
of B atoms. 

For interstitial diffusion, diffusion by ring 
mechanisms, and diffusion by the vacancy of 
interstice mechanisms with only weak correla- 
tion, 


D(mg)/D(my) =T(mg)/T(my); (7) 


hence E=1. E has been found to be approximate - 


ly one for the diffusion of H in Pd,!°*! Ni in Cu,” 


and Na in NaCl and KC1.*° It appears that 
measured values of £ smaller than one have not 
been reported. 

For an investigation of the isotope effect in 
cases where correlation might be expected to 
have a determining influence, the diffusion of 
Cd in Ag and in Cu was chosen. At the tem - 
peratures (~715°C) selected for diffusion, D(Cd) 
/D(Ag)=3.6 in Ag, **and D(Cd)/D(Cu) = 8.2 in 
Cu.'® Measurements were made of D for Cd’ 
and Cd'?5 tracers in a single crystal of pure 
Ag and in one of pure Cu. In each case, both 
radioisotopes were electroplated on the same 
crystal, and after diffusion, sectioning of the 
diffusion zone, and weighing of the sectioned 
amples, the isotope activities were counted 
separately with a single-channel pulse-height 
analyzer. The experimental procedure will be 
described in detail in a forthcoming paper. 

As shown in Table I, E was found to be ap- 
proximately zero both in Ag and in Cu. It is 
suggested that these results are consistent with 
diffusion of Cd atoms by the vacancy mechanism, 
with w,>>w, + 7k, /2. It may be shown that the 
results are also consistent with interstice, but 
not interstitial, diffusion of Cd. 


Table I. Isotope effect E for diffusion of Cd! and 
cdl in Ag and Cu. The probable errors for E are 
based on the uncertainty in each D value, as deter- 
mined from a straight line fitted to the observed 
diffusion profile by least squares 








Diffusion crystal E 





Ag (first count of Cd‘) -0.04 + 0.07 
Ag (second count of Cd!) +0.05 + 0.07 
Cu -0.05 + 0.05 








From Eq. (1), it may be seen that if w,>>4 
+7k,/2, then — as noted by Lidiard*— D=(a? /6) 

x (w, + 7k,/2)p. In this case, D should depend 
not on the mass of the tracer atoms, but on the 
mass of the solvent atoms. 

The author would like to thank Professor John 
Bardeen for several illuminating discussions. 
Special thanks are due to Dr. S. Singer, Dr. J. D. 
Fox, Mr. R. N. Peacock, and Mr. H. R. Lewis, 
Jr., who introduced the author to experimental 
techniques which made these isotope effect 
measurements possible and who gave much val- 
uable advice. The author is also grateful to Mr. 
G. DePasquali for assistance with radiochemical 
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separations, and to Mr. E. Goeler, who prepar- 
ed the Illiac least squares program used for 
analyzing the data. 





*Supported in part by the U. S. Atomic Energy 
Commission. 

T Now at Convair Scientific Research Laboratory, 
San Diego, California. 
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UNIQUE FIRST FORBIDDEN TRANSITION* 
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It is well known that the energy spectra of 
many nonunique first forbidden 8 transitions 
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have roughly statistical shapes. That is, the 
energy shape correction factor, C, is constant. 
This can be understood by expanding the transi- 
tion probability in powers of the nuclear radius 
p.* The leading terms are associated with the 
Coulomb factor {= a@Z/2p~=Z/A® and they give 
constant C.? The approximation of keeping only 
the leading terms in powers of p (i.e., in des- 
cending powers of &) we call the “-approxima- 
tion.” (This approximation has been expressed 
by >> W,, where W, is the maximum £-ray en- 
ergy.”) In this letter we shall examine the accu- 
racy of the £-approximation and show its conse- 
quences for other observables such as the longi- 
tudinal polarization and 8-y correlations. 

Let us assume that the (local) V and A inter- 
actions*»* and the two-component theory of the 
neutrino, Cy=Cy’ and C4=C,’,* characterize 
the 8 decay. In the £-approximation the shape 
correction factor is energy independent: 


C= lvi?+IyYi?, (1) 
V= tung + Em, (2) 


Y = E'yq- 28(tuy+%o)(1+y,)°. (3) 


Here the subsidiary parameters have the follow- 
ing significance’: 


n=- Cy, J¥R(-2), nw=C , [6% R(1), 


E'v9= C4 Sirs R(-1), y= C , [OXF R(1), 


E'ny9=-Cy, Ji&R(-1), nx9=-C,, fFR(Q1). (4) 


The energy-independent quantity A(x) entering in 
the matrix element involves the ratio of the ac- 
tual electron wave function to the point charge 
function evaluated at the nuclear surface (and 
thus R depends on the electron angular momen- 
tum quantum number x shown). We do not need 
to know the details of R, if we do not evaluate the 
nuclear matrix elements themselves. In this 
way, finite nuclear size effects are taken into 
account, in the £-approximation. 

The parameters up, ..., Yo are defined so they 
may be of order unity (except, of course, that 
some may vanish due to selection rules). For 
this purpose, a parameter, ¢’, is introduced to 
relate the relativistic to the nonrelativistic ma- 
trix elements. It has been theoretically predic- 
ted that 


&’= —), with \ = 1,° or 2.” (5) 
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If the next term in the £-expansion is included, 
the shape correction factor has the form 


C=k(1+ aW+ b/W, (6) 


where k, a and 6 are independent of the §-ray 
energy, W. (Full expressions for the constants 
k, a, and b are given, for example, by Kotani 
and Ross.*) If (5) is assumed, a and b are of 
order 1/t. Thus, it may be expected that the é- 
approximation is poor and the shape correction 
factor is energy dependent for low-Z nuclei. For 
example, in the case of K*, =7.1 and W,=4.9. 
But experimental results do not show any energy 
dependence of C.°"" This may be explained by 
some accidental cancellation among the nuclear 
parameters which are included in a. If so, other 
observable quantities, which have different com- 
binations of nuclear matrix elements from a, 
should be examined. 

One of these observables is the 8-y directional 
correlation: 


N = 1+ €(3cos* 6 -1)/2, (7) 


where @ is the angle between 8 and y. The coef- 
ficient € has the form 


€ =(~?/W)(R,/C) + aZp(I,/C) , (8) 


neglecting aZW/p terms.” Here R, and /, are 
energy-independent combinations of the nuclear 
parameters’ (if the time-reversal assumption is 
correct for the weak interaction, J, vanishes). 

If t’=£,, R,/C is of order (1/£). Even though R, 
includes some numerical constants (less than 
unity) which depend on nuclear spins, the experi- 
mental results for Cl°*,** K*»™ and As”) ** seem 
very small (|R,/C!~0.01 to 0.03). It may be 
natural, then, to conclude that the next term in 
the §-expansion is only a few percent even for 
small Z. So it seems favorable to use &’= £) 
with \2 2, or to assume that &’ does not become 
small for low Z as indicated by (5). 

These data are not sufficient, however, to 
yield a definite conclusion. We hope that attempts 
will be made to observe other deviations or lack 
of them from the £-approximation in the same 
decays. We present, now, some features of the 
t-approximation for several observables. We 
can state that, for every observable normally 
occurring in the allowed transition, the expres- 
sion for the same quantity in the nonunique first 
forbidden transition can be obtained in the £-ap- 


proximation by using the substitution 


—nV 
CoM, nV, 


C nY, (9) 


ct“er~ 


where Cp, Mp, Cg, and MGT are coupling 
constants and matrix elements for the Fermi 
and Gamow- Teller transitions, respectively 
(thus, allowed transition experiments suggested 
for testing general properties of the 8-decay can 
be carried through for first forbidden transi- 
tions**). 

If we include the next term in the £-expansion, 
the allowed-transition expressions no longer 
apply.*® In this case, the longitudinal polariza- 
tion, for example, can be written® (for 8 -decay) 


P.= -(p/W) [1 +(R,/NC) (1/W) 
+ aZ(I,/NC) (1/p)], (10) 


where R, and J, are energy independent, J, van- 
ishes if there is time-reversal invariance, and 
N is defined by Eq. (7). Neglecting (a@Z)? terms, 


R,/C = -b/(1+aW+ b/W) 


in the notation of (6). 

Empirical determination of the accuracy of the 
£-approximation can be made by observing the 
deviation of |P,! from p/W, by observing the 
deviation from p/W of the energy dependence of 
circular y-ray polarization, and by observing 
the energy dependence of € compared to Eq. 
(8). 12 

It should be noted that the £-approximation is 
not good in special cases where there is a large 
cancellation among nuclear parameters, (3), as 
in RaE, or in very high-energy decays where 
W,~&, as in the C’® case. Also there are some 
examples, aside from these extreme cases, 
which show small deviations from the £-approxi- 
mation in the energy spectrum, e.g., A‘!'»?” 
Sb'**4,1® and Re'™.*® In these decays, the meas- 
urement of the deviation from the £-approxima- 
tion of various observables mentioned above 
gives some useful information about the nuclear 
matrix elements. 





*Supported in part by the National Science Founda- 
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PHOTOPRODUCTION OF SINGLE POSITIVE 
PIONS FROM HYDROGEN IN THE 
500-1000 Mev REGION* 


F. P. Dixon and R. L. Walker 
California Institute of Technology, 
Pasadena, California 
(Received July 21, 1958) 


A wedge type magnetic spectrometer has been 
employed to analyze positive pions from the re- 
action y+p-1* + nm produced in a liquid hydrogen 
target by the bremsstrahlung beam of the Caltech 
Synchrotron. The spectrometer magnet focussed 
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charged particles from the target into a system 
of three scintillation counters. The pulse heights 
from these counters were monitored so that par- 
ticles with greater ionization than the pions were 
not detected. The peak energy of the brems- 
strahlung was adjusted so that pions from reac- 
tions other than single-pion production were 
energetically impossible at the angle of observa- 
tion and in the energy range accepted by the 
spectrometer. 

A fourth scintillation counter was placed be- 
tween the hydrogen target and the entrance aper- 
ture of the magnet. This front counter served to 
eliminate the cosmic-ray background and to re- 
duce the background from radiation shields and 
the outer Mylar window of the hydrogen target, 
when a properly delayed coincidence was re- 
quired with the rear counter system. Under 
these conditions the empty-target background was 
only 3% of the full-target counting rate, in gen- 
eral, and only 9% at the most forward laboratory 
angle, 13.1°. The experimental arrangement was 
similar to the schematic diagram shown in Fig. 

1 of the K* report by Donoho and Walker,’ ex- 
cept that in the present*experiment no absorber 
was used between the front counter and the tar- 
get or between the first two counters in the rear. 

The data obtained from this measurement have 
been corrected for empty-target background, 
pion decay in flight, nuclear absorption of the 
pions, and muon contamination from 7 -p decay. 
The pion decays before the counters resulted in 
the loss of 12 to 22% of the pions. However, the 
muon correction of 4+2 to 7+3% based ona 
preliminary estimate resulted in a net correc- 
tion of 8 to 15% for decay and muon contamina- 
tion. It is estimated that a more exact calcula- 
tion of the muon contribution will not result in 
more than a three percent change in the cross 
sections presented in this report. The effect of 
the half-inch Pb absorber between the last two 
counters was measured, and the absorption in 
the counters and target was calculated using the 
geometrical cross sections. The absorption 
correction was typically 14%. Reversal of the 
magnetic field demonstrated that counts from 
electrons made a negligible contribution to the 
hydrogen counting rate, so no correction was 
needed for positron contamination in the present 
results. 

The absolute cross sections in this report are 
assigned errors including the statistical standard 
deviations compounded with the errors in the 
corrections indicated above. The calibration of 
the copper-air ion chamber used as a beam mon- 
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itor has been performed using a Quantameter, * 
and is accurate to a few percent. A more pre- 
cise calibration is planned in the near future, 
but it is estimated that this should not result in 
more than a five percent change in the values 
presented here. It should be noted that the 1000- 
Mev data was taken with the peak of the brems- 
strahlung below the upper limit of resolution of 
the spectrometer. A preliminary analysis for 
these points resulted in the data as shown, and 
it is felt that the more complete analysis could 
not affect the 1000-Mev results by more than ten 
percent. 

Partial angular distributions have been meas- 
ured for laboratory photon energies of 600, 700, 
800, 900, and 1000 Mev. The angular range of 
these observations has been limited in the for- 
ward direction by the 600 Mev/c maximum mo- 
mentum of the spectrometer and in the backward 
direction by a temporary obstruction in the labo- 
ratory, which prevented measurements at angles 
greater than 135° in the c.m. system. Extension 
of these results will be made in the near future. 
Figure 1 shows the results currently available. 
These partial distributions are sufficient to de- 
monstrate the dramatic change in character with 
increasing photon energy. 

A detailed study of the differential cross sec- 


tion at 90° in the c.m. system has also been made. 


This measurement covers the range from 450- 





k=600 Mev 


pA 








C.M. Dif ferential Cross Section in microbarns /steradian 





C.M. Angle in Degrees 


FIG. 1. Partial angular distributions for single rn 
photoproduction in hydrogen with incident photon ener- 
gy in the laboratory as a parameter. Where no errors 
are shown, the symbol represents the standard devia- 
tions for the particular measurement. 


to 900-Mev photon energies and the results are 
given in Fig. 2. The dashed line is an average of 
the magnet® and telescope* data previously ob- 
tained in this laboratory. The earlier data are 
shown for comparison of the present results with 
those in the lower-energy resonance region. The 
prominent peak at 700 Mev was explored with a 
“narrow” counter system having less than half 
the momentum dispersion of the standard counter 
system. (Normally, the spectrometer with the 
standard counters had Ap/p = 0.095.) The higher 
resolution did not show any appreciable differ- 
ence in the width or general character of the 
peak, as indicated by the “narrow” counter data 
included in Fig. 2. 

Other work on positive pion production at high- 
er energy has been reported at Cornell.*®»* The 
90° excitation function shown in Fig. 2 is in gen- 
eral agreement with their results. The region 
from 450 to 600 Mev, however, yields somewhat 
lower values than their measurements indicate. 

The prominent peak at 700 Mev in the curve of 
Fig. 2 is suggestive of a second resonance in the 





© Standard Counter, #? =,095 
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200 300 400-500-600 700 800 900 
Incident Photon Energy in Laboratory, Mev 

FIG. 2. Excitation function for single n* photopro- 
duction at 90° in center-of-momentum system. 
Dashed curve is average of data in references 3 and 
4. The resolution functions indicate relative sensi- 
tivity of the spectrometer for the 700 Mev setting, the 
solid line showing the standard resolution and the 
dotted line the "narrow" resolution. 
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n* photoproduction. If this resonant behavior is 
to be assigned to a definite state of isotopic spin, 
then the fact that the peak is more prominent in 
7* than 7° production indicates a T = 3 resonance 
as suggested by Wilson.” However, no very 
simple explanation of the pion-nucleon interac- 
tion in this energy region appears likely in view 
of the rather different behavior observed in the 
three related reactions: 7* photoproduction, 7° 
photoproduction, and pion-nucleon scattering. 
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ELECTRIC DIPOLE MOMENT OF THE MUON * 


D. Berley, R.L. Garwin,'G. Gidal, 
and L. M. Lederman 


Columbia University, New York, New York 
(Received July 18, 1958) 


The problem of the muon rest mass and its 
possible origin in an unknown interaction de - 
mands very close examination of the proper- 
ties of this particle. For example, the magnetic 
moment should be measured with high pre- 
cision’; some progress in this direction has re- 
cently been made.” The present note describes 
a search for an electric dipole moment in the 
muon with a sensitivity of the order of 1% of a 
“natural” moment: e times the muon Compton 
wavelength (1.85 x 10 ~cm). 

The detection of an electric dipole moment 
for any elementary particle would constitute 
proof that time-reversal invariance is violated.® 
Smith et al.* have set a limit of < ex107°cm 
for the electric dipole moment of the neutron. 
The sensitivity achieved by the neutron measure- 
ment cannot, in any simple way, be applied toa 
charged particle due to the well-known difficulty 
of establishing a known electric field at the po- 
sition of the particle in matter. Thus the only 
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available information on charged particles comes 
from the energy levels in hydrogen where the 
observations and theory of the Lamb shift limit 
the contribution of electron and proton electric 
dipole moments to of the order e x10~%cm.° The 
existence of longitudinally polarized beams of 
mu mesons and the availability of muon decay 

as a polarization analyzer suggest a convenient 
method by means of which one may search for a 
muon electric dipole moment. 

We note that a transverse electric field will 
exert a torque proportional to xE which will 
cause the spin vector 6 to precess away from 
the longitudinal direction. 

In the present experiment the electric field 
was that created in the rest system of the muon 
moving in a magnetic field B, and equal to (Ic) 
x¢*xB. As shown in Fig. 1, the particles are first 
deflected in the magnetic field of the cyclotron 
and, after emerging from the shielding wall, 
further deflected by an additional magnet. The 
presence of an electric moment feh/me will 
cause a rotation of the spin vector out of the 


i" CARBON — 


2 INCHES 
FIG. 1. Schematic diagram of the meson trajec- 
tories. The Be target is located in the cyclotron 
vacuum chamber and can be considered as a source 
of longitudinally polarized » mesons. 
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t 





VOLUME 1, NUMBER 4 


PHYSICAL REVIEW LETTERS 


AuGust 15, 1958 





horizontal plane by an amount 6=26,(v/c)f, where 
6, is the angle through which the trajectory is 
bent in the magnetic field. 

Should the above precession occur there is an 
additional effect which produces a second -order 
change in the measured precession angle. Be- 
fore the polarization of the muons can finally be 


analyzed the mesons must be stopped in a target. 


The ionization loss mechanism effectively pro- 
duces a longitudinal electric field in the rest 
system of the particle. When a mu meson of 
momentum p is brought to rest, the transverse 
component of the electric dipole moment pro- 
duces a rotation of the spin about the momentum 
vector.® The angle of rotation is =2 (p/mc)f. For 
a particle whose polarization was initially longi- 
tudinal, its polarization after passing through 
the magnet system and absorber is summarized 
as follows: the component of polarization per- 


QUADRUPLE MAGNET 








\ STEERING 
) MAGNET 





POSITION 
8 








POSITION 
A 


FIG, 2. Apparatus to measure transverse polariza- 
tion. The meson beam is monitored with counters 
1 and 2 and is stopped in the carbon target B. A is 
the precessing coil, containing 300 turns. It is shown 
in a position appropriate for rotating a transverse spin 
component in the vertical plane toward (+90°) or away 
(-90°) from the electron telescope (No. 3 and No. 4). 
The coil can be rotated 90° to cause the spin to pre- 
cess in the horizontal plane. Geometric alignment is 
accomplished by adjusting counters 1, 2, and the 
8-in. long coil as a rigid unit. 


pendicular to the horizontal plane is P,= Rsiné 
xcos@; the component of polarization in the hori- 
zontal plane and perpendicular to the final mo- 
mentum is P,=P,sinésing; finally, the component 
of polarization in the direction of the momentum 
is P,= P,cosé. 

The polarization analyzer was the mu-decay 
electron asymmetry. The apparatus was similar 
to that described by Garwin, Lederman, and 
Weinrich’ and is shown in Fig. 2. The decay- 
electron counting rate is assumed to have an 
angular anisotropy of the form R=1+aé-é,,,,- 

Here @ is a unit vector in the electron direc - 
tion and é ,.,, is a unit vector in the direction 
of maximum counting rate. The electron aniso - 
tropies were measured when the mu mesons 
were caused by an applied magnetic field to 
precess through angles of + 90°, 0°, and 180° 
in the vertical plane and through + 90° in the 
horizontal plane. The angle @ was found from 
these measurements. First, a trajectory bend - 
ing angle of 105° was used—position A shown in 
Fig. 1. The experiment was then repeated with 
a more favorable bending angle of 153°. The re- 
sults of these two runs are 


6=+0.64+ 0.024 radians (105° run), 
6=+0.017 40.028 radians (153° run). 


An accurate measurement of ¢ was not made 
for two reasons. It is noted that the transverse 
component of polarization is small and hence the 
component of polarization P,, in the cyclotron 
plane, depends on a small electric dipole mo- 
ment to second order. Secondly, it is conceiv- 
able that at the mu meson source, the initial po - 
larization has small transverse components in the 
horizontal plane. Such a bias could be due to an 
anisotropic distribution of the decaying pi mesons 
in the horizontal plane. This effect would influ- 
ence angle ¢. The complete up-down symmetry 
of the apparatus excludes such a bias in the ver- 


tical direction and hence in the angle 6. 

We have investigated effects which could simu- 
late an electric dipole moment by inducing a 
vertical component of polarization. One of these 
is the presence of a stray transverse component 
of magnetic field when the longitudinal preces- 
sion field is being used. This was reduced by 
(1) Helmholtz coils which cancelled the cyclotron 
fringing field and (2) providing an iron return 
path to keep the field inside the precession coil 
parallel to the axis of the coil. For the run at 
position A, an absolute upper limit to the un- 
certainty in 6 from this source is 0.032 radian 
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while at position B the field was measured with 
greater precision and this uncertainty was re - 
duced to 0.013 radian. Uncertainties in the 
alignment of the polarization analyzer were less 
than 0.01 radian. 

Combining the two runs, the value of the elec- 
tric dipole moment of the muon is found to be (in 
units of eifno) 


f=0.006 +0.005. 


This corresponds to a unit charge multiplied by 
a distance of (1.1+0.9)x107"*cm. The result is 
consistent with a vanishing dipole moment ex- 
pected on the basis of time-reversal invariance. 
We acknowledge with thanks the discussions 
with N.M. Kroll and G. Feinberg on this subject. 
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1” SCATTERING AND DISPERSION RELATIONS” 
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(Received July 23, 1958) 


In a recent paper’ by one of us, the discrepancy 
in the -p dispersion relation was discussed. 
Although the disagreement between experiment 


146 


and theory is much smaller than Puppi and 
Stanghellini? believed, there was still evidence 
of some disagreement with at least one of the 
apparently accurate experimental results. We 
now report further work which very much weak- 
ens the evidence for disagreement. 

In deducing the forward scattering amplitude 
from their results, Korenchenko and Zinov° 
used a least-squares fit of the form A+B cosé@ 
+ C cos’6 for the elastic scattering differential 
cross section; this gives the results at 307 and 
333 Mev shown in Figs. 2 and 3 of reference 1. 
At these energies d waves could be important 
and we should fit with the form A+B cos6+C cos? 
6+Dcos*6+Ecos*é. As the least center-of-mass 
angle measured is about 40°, this d-wave fit 
could give a forward scattering intensity |/(0) |? 
which differs appreciably from that given by the 
p- wave fit (i.e., D=E=0). Also, the error in 
\f(0)|? as deduced from the d -wave fit will in 
general be appreciably larger than the error in 
|f(0)|? deduced by the p-wave fit. This is be- 
cause the errors in the observed |/(@)|? for the 
vew smallest values of 6 are much more import- 
ant in the d-wave fit than in the p-wave fit. 

The d-wave fit (as given in reference 3) for 
333 Mev gives the ne part of the forward scat- 
tering amplitude D_”=0.08_,,,.°”” (nuclear 
units). The mean value lies close to the theore- 
tical curve for coupling constant /,7=0.08 (Fig. 3 
of reference 1); the experimental error is large. 
At 307 Mev the usual precedure gives D_ 
= (-0.01440.014) 2 (nuclear units). This imagin- 
ary value, which occurs because the d-wave 
analysis gives a much reduced |/(0)|?, is a warn- 
ing about the accuracy of the experiment. We 
conclude that the 307- and 333-Mev results now 
do not show disagreement with the dispersion 
relation for f,? =0.08. 

We have reexamined the elastic differential 
cross sections of Ashkin ef al.* at 150, 170, 220 
Mev to find the effect of a d-wave fit of the form 
A+Bcosé@+Ccos?6+Dcos'*é. (At these energies we 
do not expect the d-wave phase shifts to be so 
large that E #0 is justified.) The least center-of- 
mass angles are around 37°. The results in 
nuclear units (fi =c = ,=1) are shown in Table I. 


These changes in the experimental values of 
D _“ are of the same order of magnitude as we 
would expect from the d-wave phase shifts given 
by Chew eft al.° An important aspect of the new 
values of Dp? at 150 and 170 Mev is their large 
errors. We suggest that the errors in the d-wave 


fit coefficient D should not be greater than the 
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values we would expect for |D| using the d-wave 
phase shifts of reference 5. The errors shown 
in the table obey this criterion. 


Table I. Values of p®, 








150 Mev 170 Mev 220 Mev 





p? quoted in 
reference 1. 0.26+0.01 0.22+0.015 -0:14+0.05 
New value of 

+0,070 


p? 0.2940.03 0.2040.05 -0.135_) “ 


M value of 
d-wave fit ; 8.9 








Plotting these new values of p? at 150, 170, 
220, 333 Mev on Fig. 3 of reference 1, we see 
that apart from 150 Mev they differ from the 
theoretical curve for f,7=0.08 by, at most, a 
little more than the standard error. The 150- 
Mev value differs by more than twice the stand- 
ard error. The evidence for a violation of the 
1 -p dispersion relation is therefore weak. How- 
ever we suggest that to make quite sure there is 
no discrepancy it is desirable to make further 
experiments! to determine: 

(i) The exact value of the total cross-section 
o (w) at resonance, and more accurate values 
of o (w) at 90-150 Mev. 

(ii) More exact values of p> in the ranges 
120-170 Mev, 150-330 Mev. 

We are indebted to Dr. H. A. Bethe for dis- 
cussing this work 





*Supported in part by the joint program of the Office 
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3 '§.M. Korenchenko and V.G, Zinov (to be publish- 
ed). We are indebted to these authors for sending a 
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‘ J. Ashkin et al., Phys. Rev. 101, 1149 (1956); 
105, 724 (1957). 
~* GF. Chew et al., Phys Rev. 106, 1337 (1957). 

® Dr. B. Rose has pointed out that in Fig. 3 of re- 
ference 1, the Rochester value of D “ at 41.5 Mev is 
given too large an error. It should be 0. 104+0. 015; 
this shows accurate agreement with the dispersion 
relation. 


CONJECTURE CONCERNING THE 
PROPERTIES OF NONRENORMALIZABLE 
FIELD THEORIES 


Peter J. Redmond, * 


University of California, Berkeley, California 


and 
Jack L. Uretsky,! 


Radiation Laboratory, University of California, 
Berkeley, California 
(Received July 21, 1958) 


It is commonly assumed that it is impossible 
to perform calculations with a local nonrenor- 
malizable field theory. Some authors’ have 
therefore postulated that nonrenormalizable in- 
teractions cannot have physical significance. 

We propose to show by means of a mathematical 
model that such pessimism may be unwarranted. 
Consider, for example, the propagator for a 
boson field. By use of a spectral representation 

this may be expressed as’ 


dm’ p(m?) 


*| pram te’ (1) 
mMo 


The spectral density function can be computed 
by use of perturbation theory for either a re- 
normalizable theory or a nonrenormalizable 
theory. For a renormalizable theory there will 
be contributions to p(m’) having an asymptotic 
behavior for large m? as 1 /m?, (1/m?)1n m?, (1/n?) 
x (In m*)?, etc. When such contributions are sub- 
stituted into Eq. (1), they yield finite results. 

For a typical nonrenormalizable theory one 

finds for p(m*) a series of terms that behave 
asymptotically as 1, m?, m*, etc. When terms 
having this behavior are substituted into Eq. 
(1), the integrals encountered do not exist and 
because of this either such theories have been 
abandoned or cutoff functions have been intro- 
duced. 

We shall now exhibit two functions whose 
power-series expansions (in g”) have just the 
properties we have described. It is our point of 
view that these functions are to be considered 
as mathematical models for the exact propaga- 
tors of the two kinds of field theories we have 
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been discussing. Consider 
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af 7; a 
~ pp" +m - 
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1 
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(3) 


x 





i(1-g? ~ + g*| 


Both these functions are well defined for real, 
nonzero g” [an expression having roughly the 
form of Eq. (2) has been derived by one of us*® 
starting from perturbation theory]. The first 
expression has the characteristic properties of 
a renormalizable theory and the second corre- 
sponds to a nonrenormalizable theory. Each ex- 
pression is a singular function of g? in the com- 
plex g” plane for those values of g? which cause 
the denominator to vanish for some m?’ in the 
region of integration. In each case these 
“branch curves” extend to the origin of the g” 
plane. The crucial point is that the first of the 
two integrals admits of an asymptotic expansion 
about g” = 0 while the second one does not. We 
note in passing that the wave function renormal- 
ization? 


<« 2 2 
> 4 “ony 4, (p*). (4) 


is finite for both models. In neither case, how- 
ever, is a coupling-constant expansion possible. 
It seems reasonable to conjecture that all non- 
trivial field theories yield functions that are 
singular for vanishing coupling constant* and that 
the difference between renormalizable and non- 
renormalizable theories is that the former per- 
mit asymptotic expansions in the neighborhood of 
g*=0 for renormalized quantities. Furthermore, 
we surmise that in both theories it is possible to 
obtain spectral density functions that yield finite 
propagators. The spectral functions would be 
calculated by summing appropriate infinite sets 
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of Feynman diagrams. We further conjecture 
that when suitable integral representations are 
found for higher-order (i.e., many-particle) 
propagators and vertex functions a similar sit- 
uation will obtain. 





* Supported in part by the Office of Ordnance Re- 
search, United States Army. 

t supported by the U. S. Atomic Energy Commission. 

‘See, for example, H. Bethe and F. de Hoffman, 
Mesons and Fields (Row, Peterson and Company, 
Evanston, 1955), Vol. I, p. 29. 

2H. Lehman, Nuovo cimento 11, 342 (1954). 

3P. J. Redmond (to be published). 

4F. J. Dyson, Phys. Rev. 85, 631 (1952). 








A°, 6,°, 6,°, and 6° LIFETIMES” 


Elihu Boldt, David O. Caldwell, 
and Yash Pal? 
Massachusetts Institute of Technology, 
Cambridge, Massachusetts 
(Received July 30, 1958) 


The large M.I.T. multiplate cloud chamber, ' 
which was operated at the Brookhaven Cosmo- 
tron, is a good instrument for measuring 
strange-particle lifetimes because of its size, 
the well-illuminated region being 54 in. x 48 in. 
x 20 in. Thus, in determing the A° lifetime, it 
was possible to require not only that the events 
chosen be definitely identified A°’s with well de- 
fined origins, but also that each A° have a total 
potential time in the chamber greater than three 
times the approximate mean life. The latter re- 
quirement reduced the sample of A°’s from 257 
to 188. However, it also reduced possible sys- 
tematic errors, since we find that for this sam- 
ple of 188 if no correction is made for the loss 
of particles in invisible regions (including the 
plates) of the chamber, the lifetime is under- 
estimated by only 15%. 

Because of the insensitivity of the lifetime re- 
sult to corrections for the geometry of the cham- 
ber, it was possible to make an analysis of the 
time dependence of the decay in which those 
corrections were made without assuming the 
decay to be exponential. In making the correc- 
tions for each event, the mean life was assumed 
to be just the time that particular particle lived. 
These corrections provide a weighting factor 
for each event, and the mean of these weighted 
A° lifetime measurements is 2.41x10°'°sec. An 
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exponential corresponding to that value is drawn 
in Fig. 1, and several points of the observed 
integral decay distribution are also shown. 
These points indicate that the decay is indeed a 
simple exponential out to at least three mean 
lives. 


1000;— : 


r 
} 


A° DECAY 
INTEGRAL PLOT 


1OL_L 
0 


FIG. 1. Integral plot of A° decays. The exponential 
curve is drawn using the mean of the lifetime meas- 
urements, weighted to take into account decays in in- 
visibie parts of the chamber. In obtaining the weight- 
ing factors, and hence the indicated points of the ob- 
served integral decay distribution, the decay was not 
assumed to be exponential. 


To obtain the most likely value for the mean 
life, under the assumption that the decay is ex- 
ponential, a maximum likelihood calculation 
was performed, and the result is 


T(A°) = (2.63 0.21) x107*° sec. 


All errors are standard deviations. 

Exactly the same procedures were followed 
for 6,° decays. Applying the criterion of re- 
quiring a potential path greater than three mean 
lives decreased the @,° sample from about 120 
to 90. The weighted mean of the lifetime meas- 
urements is 1.0110 '°sec, for a slightly small- 
er sample of 79. In Fig. 2, an exponential using 
that value is shown along with several points of 
the observed integral decay distribution, and 
once more the decay is a simple exponential out 
to at least three mean lives. The maximum 
likelihood calculation for the full sample of 90 
yielded 


7 (8,°) = (1.07 £0.13) x10°*° sec. 





a 


@; DECAY 
INTEGRAL PLOT 





3 6 
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FIG, 2. Integral plot of 6,° decays. The same pro- 
cedure was followed as in Fig. 1. 


It should be pointed out, however, that if one 6,° 
which lives about five mean lives is dropped 
from the sample, the mean life becomes 


(0.99 + 0.12) x107!° sec. 


These lifetimes are in agreement with other re- 
cent determinations.” 

According to the particle- mixture theory, * the 
6° and the 6° should each have an equal chance 
of decaying by the 6,° or the 6,° mode. The above 
determination of the 6,° lifetime utilized parti- 
cles nearly all of which were initially 6°’s, since 
the overwhelming majority were produced in 
association with hyperons. Thus, the 6° has a 
2n-decay mode (6,°) of lifetime 1x107*° sec, and 
it is interesting to check whether the 6° does 
indeed have the same decay mode. We have 
some events in which a neutral particle decaying 
into two pions is produced in association with a 
Kt, the latter being identified by its decay after 
stopping in a plate. That neutral particle must 
have been initially a 6°. Also, we have other K- 
pair events in which one of the particles is a 6° 
and the other is a 6°, but these cannot be distin- 
guished from each other. Using such K-pair 
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events, we find a mean life for the 27 decays 
for particles two-thirds of which must initially 
have been 6°’s. The value is (0.8 +0.3) x107'° 
sec, indicating that the 6° can indeed decay by 
the 6,° mode. 

A determination of the 6,° mean life has also 
been made, using the events which initially were 
predominantly 6°’s. Since the total number and 
the energy spectrum of the 6,°’s ought to be the 
same as those of the 6,°’s, one can calculate the 
total time the 6,°’s spend in the visible region 
of the chamber from the total potential time for 
the 6,°’s, for which the location and momentum 
spectra are known. However, a correction must 
be made for the number of 6,°’s eliminated by 
nuclear interactions‘ in the approximately 50 
meters of path traversed in the chamber. 

We have observed two definite 6,° decays, and 
in one of them both particles (e~ and 1*) could 
be identified. There are three other events with 
large measurement errors which we cannot 
definitely exclude as possible @,° decays. Allow- 
ing for this uncertainty, we find for a mean life 


7 (6,°) = (9.,7*) x107® sec. 


This result is in good agreement with the deter- 
mination of Bardon et al.,* who used a very dif- 
ferent method. 
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Nevis Cyclotron Laboratories Report No. 61, 1958 
(unpublished). This determination involved measuring 
6,° decays at two different distances from a target and 
normalizing the measurements by counting neutron 
stars in the cloud chamber gas. 





6,° - 6,° MASS DIFFERENCE™ 


Elihu Boldt, ! David O. Caldwell, 
and Yash Pal? 
Massachusetts Institute of Technology, 


Cambridge, Massachusetts 
(Received July 30, 1958) 


We have observed directly the change with 
time of the nature of the neutral particle pro- 
duced in association with the A, hyperon. The 
“particle”, initially the 6°, is observed to inter- 
act with matter to produce another hyperon only 
when at some distance from its origin, and never 
when close to that origin. This observation is a 
direct confirmation of the particle-mixture 
theory for the 6° meson of Gell-Mann and Pais,’ 
and when quantitatively interpreted in terms of 
that theory, yields an estimate of the mass dif- 
ference between the 6,° (short-lived) and 6,° 
(long-lived) components of the 6°. 

During an investigation of the properties of 
heavy unstable particles produced by 7” mesons 
of 1.5-Bev median energy in the iron plates of a 
large multiplate cloud chamber,” we have ob- 
served twelve cases of hyperon production by 
neutral particles. A scan for interactions 
caused by high-energy neutrons from the accel- 
erator, the Brookhaven Cosmotron, showed that 
such neutrons could not have been the source of 
these hyperons. Neutrons from 7 interactions 
in the chamber also could not have contributed. 
Since a 7 -produced A° which scatters would 
appear to come from a neutral origin, this ef- 
fect also was taken into account. 

Instead, these twelve cases are consistent with 
the neutral particle, originally of positive 
strangeness, having acquired in time some ne- 
gative-strangeness component and interacting 
as 6° +m~Y+n. In five of the cases, a charged 
m is directly identified as one of the interaction 
products and, in another case, a shower indi- 
cates a n° was produced, Seven of the interac- 
tions yield A°’s, while five give 5+. Correcting 
for losses in the plates and for the neutral mode 
of decay of the A°, the resulting ratio of 5* to 
A° is 1.3. If one assumes charge independence 
to find the portion of A®s which were originally 
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="s, then the £/A ratio in the 6° interactions is 
5.6. 

The number of these @° interactions depends on 
the mass difference, Am, between the 6,° and 
6,° constituents of the 6°, according to particle- 
mixture theory.' The intensity of the 0° compo- 
nent at a time ¢ after the production of a 6° is 
given by 


I= 4 lexp(-t/7,) + exp (-t/T,) 
- 2exp (-t/T, - t/T,) cos (mAmt/E h)], 


where 7, and 7, are the lifetimes of 6,° and @,° 
in the laboratory system, and E£ is the total en- 
ergy of 6,° of mass m. Because of the oscilla- 
tory term, the number of interactions, for a 
given Am, depends on the time taken by the par- 
ticle to reach the first, and to a lesser extent 
the second, plate after that in which it was pro- 
duced. 

From the 120 6,°+7*+7° decays seen, we have 
determined the number, spatial distribution, 
and momentum distribution of the 6°’s produced. 
Using this information and the particle- mixture 
theory,’ we have calculated® the expected num- 
ber of 6° interactions in various plates of the 
chamber for different values of Am = i/7,, 
where 7, is the proper lifetime of @,°. The re- 
sult is shown in Fig. 1 in which the observed 
numbers, corrected for invisible modes of in- 


Integral number of 5° interactions 
in plates | ton after production of 

a 6°, plotted agoinst n | 
Moss difference | Mg,- Mes| “nt 








— oe 








Plote Number ,n 


FIG. 1. Integral number of 6° interactions in plates 
1 tom after the plate in which the 6° was produced vs 
n, for various values of the 6,° - 6,° mass difference 
in units of i/r,. The most likely values of the correc- 
ted observations are shown as solid circles, with 
flags giving minimum and maximum values based on 
the uncertainty as to which 7” interaction was the 6° 
origin. The statistical errors are not shown. 


Relative likelihood, ,of the observed 
experimental results for different 
values of moss difference 
between 6 and 63 


; = 
1Mo, ~ Megi* © ¢, 


FIG, 2. lative likelihood, L, of the observed ex- 
perimental results for different values of the mass 
difference between the ot and 6,°, in units of h/t, 
where 7, is the 6° lifetime. 


teraction, are also given. Distances are deter- 
mined to the most likely, nearest, and farthest 
possible 7 interactions which could have pro- 
duced the 6°. In 3 of the cases‘ the correct 7” 
interaction is marked by an associated hyperon. 

For values of k>1, for which this analysis be- 
comes insensitive to k, the period of oscillation 
becomes sufficiently short so that there is an 
appreciable probability for 6° interaction in the 
same plate in which the 6° was produced. We 
calculated the number of such apparent two-hy- 
peron productions to be expected as a function of 
k, and used the fact that none has been seen by 
us or by the Columbia and Princeton cloud cham- 
ber groups.* Combining this result with that 
given above for the number of 6° events seen, 
we calculate a relative likelihood function for 
these experimental results as a function of k, 
and this is shown in Fig. 2. 

We find the most likely value of the 6,° - @,° 
mass difference to be about fi/7,. Although the 
statistical accuracy of this result is poor, the 
experiment does demonstrate a straightforward 
method for measuring Am.® More importantly, 
these results, combined with those reported in 
the previous Letter,’ provide strong support 
for the essential features of the particle-mix- 
ture theory. 

We would like to express our appreciation to 
Professor Bruno Rossi for his continued interest 
and encouragement in this work, and to Dr. 
Herbert S. Bridge, who was responsible for the 
construction and operation of the chamber. We 
wish to thank also Dr. H. Blumenfeld, Dr. C. E. 
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Leavitt, and Dr. D. Willard for their help in the 
chamber operation. 
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ORIENTATION OF RUBIDIUM ATOMS BY SPIN 
EXCHANGE WITH OPTICALLY PUMPED SODI- 
UM ATOMS. R. Novick and H. E. Peters |Phys. 
Rev. Lett. 1, 54 (1958) |. 


The following footnotes were omitted: 

*E. M. Purcell and G. B. Field, Astrophys. J. 
124, 542 (1958). 

°G. Herzberg, Molecular Spectra and Molecu- 
lar Structure (D. Van Nostrand Company, Inc., 
New York, 1955). The equilibrium radius of 
NaRb was estimated, from Morse’s rule and 
from a consideration of covalent radii, to be 
3.6x10°® cm. 





SPIN EXCHANGE IN SUPERCONDUCTORS. 
B. T. Matthias, H. Suhl and E. Corenzwit |Phys. 
Rev. Lett. 1, 92 (1958) ]}. 


Reference 3 should be omitted and replaced by 
a footnote after the paragraph that ends: “...; 
this occurs in the pure metal at low temperature 
or under pressure.” The footnote should read: 

C. Herring has suggested that the exchange 
interaction of the solute atoms with the spins of 
the conduction electrons should lower the energy 
of the normal state more than that of the super- 
conducting state. This mechanism seems to ac- 
count for the observed features qualitatively, 
and also gives the right order of magnitude of 
the effect. 
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In this section are printed the abstracts of jArticles that have 
been forwarded to The American Institute of Physics for publi- 
cation in THE PHYSICAL REVIEW. In quoting information 
obtained from this section before the appearance of the corre- 
sponding Article, reference should be made to "Physical Revieu 
(to be published)” rather than to this Journal. 





QUANTUM MECHANICAL KINETIC ENERGY 
TRANSFORMATION. A.J. Freeman, Solid 

State and Molecular Theory Group, Massachu- 
setts Institute of Technology, Cambridge, Mas- 
sachusetts, and Materials Research Laboratory 
Ordnance Materials Research Office, Watertown, 
Massachusetts, and P.-O. Léwdin, Quantum 
Chemistry Group, University of Uppsala, Upp- 
sala, Sweden (Received May 12, 1958). 


It is shown that by a transformation of the 
usual expression for the kinetic energy matrix 
elements, a simpler formula results which 
yields, for numerical wave functions, higher 
numerical accuracy for the kinetic energy than 
has previously been obtained. The derivation of 
the transformation and the numerical results of 
several applications are presented. 


TEMPERATURE EFFECT ON POSITRON AN- 
NIHILATIONS IN CONDENSED MATTER. R. L. 
de Zafra* and W. T. Joyner, ! Department of 
Physics, University of Maryland, College Park, 
Maryland (Received January 3, 1958). 


An experimental investigation has been made 
of the temperature effect on the angular distri- 
bution of radiation from positron annihilation in 
matter. The materials chosen were Teflon, fused 
quartz, naphthalene, and water, for which the 
most comprehensive studies of the long (7, ) 
lifetime component and its intensity under var- 
ious conditions have previously been made. The 
correlation between 7, lifetime and intensity and 
the amount of narrow component in the angular 
distribution has been studied both in a single 
phase, and as a function of phase change. Evi- 
dence seems conclusive that the so-called tem- 
perature effect on angular distributions is in 
reality a density effect. The underlying cause of 
the narrow-component enhancement seems in 
part to be related simply to an increase in posi- 


tronium production which follows density changes. 


In quartz, and in water, Teflon, and naphthalene 
within the present limits of error, the enhance- 


ment may be attributed to this cause alone. The 
narrow component in quartz, Teflon, and naph- 
thalene is found to have a width corresponding 
to a center-of mass energy at the time of an- 
nihilation of about 10 times the thermal energy 
for positronium. The water-ice transition shows 
extremely interesting properties, marked by the 
appearance of a very narrow and well defined 
peak in the ice phase. It is suggested this is due 
to a reduction of the zero-point energy caused 
by enlargement of cavities in which positronium 
is trapped. Some anomalies are pointed out in 
the existing 7, intensity, lifetime, and 3y an- 
nihilation rate as a function of phase change in 
water. 


*Now at the University of Pennsylvania, Philadelphia, 
Pennsylvania. 

Now at Hampden-Sydney College, Hampden-Sydney, 
Virginia. 


TRANSPORT PHENOMENA IN COMPLETELY 
IONIZED GAS CONSIDERING ELECTRON- 
ELECTRON SCATTERING. M. S. Sodha, Physics 
Department, University of British Columbia, 
Vancouver, Canada, and Y. P. Varshni, Physics 
Department, University of Allahabad, Allahabad, 
India (Received May 15, 1958). 


Hall mobility and other transport properties of 
electrons in a completely ionized gas have been 
investigated, when a magnetic field is applied, 
taking into account electron-electron scattering. 
Results are presented for different mean ionic 
charges. 


QUANTUM STATISTICAL THEORY OF ELEC- 
TRON CORRELATION. Robert D. Cowan, Uni- 
versity of California, Los Alamos Scientific 
Laboratory, Los Alamos, New Mexico, and 
John G. Kirkwood, Sterling Chemistry Labora- 
tory, Yale University, New Haven, Connecticut 
(Received April 18, 1958). 


The average electrostatic potential distribu- 
tion about a given electron is calculated for a 
system of point-charge electrons embedded in a 
neutralizing continuum of positive charge. The 
calculation is classical, involving a Poisson 
equation of the Debye-Hiickel type, except that 
the electron density is treated by means of 
Fermi-Dirac statistics as in the Thomas-Fermi 
theory of the atom. The calculated energy due 
to electrostatic interactions agrees with the 
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quantum mechanical exchange plus correlation 
energy over the observed range of metal va- 
lence-electron densities, 2<7, <6, but is too 
small at larger and smaller densities (7, is the 
electron-sphere radius in units of the Bohr ra- 
dius). The equilibrium density (7 = p = 0) oc- 
curs at ry, = 4.3, at which point the compressi- 
bility is 69 per megabar. The electronic spe- 
cific heat is linear in T at low temperatures and 
varies from 0.9 to 0.74 of the Sommerfeld value 
over the observed metal density range. 


VARIATIONAL APPROACH TO THE MANY- 
BODY PROBLEM. R. U. Ayres, Department of 
Physics, Kings College, University of London, 
London, England (Received January 28, 1958; 
revised manuscript received June 2, 1958). 


Certain problems connected with the choice of 
trial variational functions for the quantum many- 
body problem are discussed. It is convenient to 
make use of the reduced-density- matrix formu- 
lation developed by Léwdin and Mayer, since a 
system whose Hamiltonian contains only 1- and 
2-body interactions is characterized by the two 
simplest reduced density matrices r@) and r). 
It is known that symmetry, Hermiticity, and 
normalizability conditions are not sufficient to 
ensure a physically realizable choice of the func- 
tions r'(*) and r@). However, an additional non- 
trivial restriction is imposed by the fact that 
such functions must be possible variational ex- 
trema. The implications of this condition are 
investigated in some detail and it turns out that 
all the nonphysical choices of P'(*) and r@) which 
have been exhibited by various authors are elim- 
inated. The condition is essentially nonquantum 
inasmuch as an analogous argument should be 
possible for a classical system. Moreover one 
of the consequences of this condition is that the 
system (classical or quantum) may exhibit 
macroscopic behavior, i.e., order-disorder 
transitions. The analysis leads to apparently 
reasonable choices of trial forms for I'() and 
re), although it is still not known whether any 
further restriction must be imposed to complete 
the sufficiency argument. 


ELASTIC CONSTANTS OF ZINC FROM 4.2°K TO 
77.6°K. C. W. Garland and Richard Dalven, 
Department of Chemistry and Research Labora- 
tory of Electronics, Massachusetts Institute of 
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Technology, Cambridge, Massachusetts (Re- 
ceived May 7, 1958). 


The adiabatic elastic constants of zinc single 
crystals have been measured by an ultrasonic 
pulse technique. The values extrapolated to 0°K 
are as follows: c,, = 1.770, c,, = 0.685, c,, = 
0.459, c,, = 0.348, c,, = 0.528, in units of 10 
dynes/cm*. A Debye characteristic temperature, 
6, of 327+3°K has been calculated at 0°K by 
averaging the inverse cube of the longitudinal and 
transverse elastic wave velocities over all direc- 
tions of propagation. 


DIRECT MEASUREMENT OF ELECTRON SPIN- 
LATTICE RELAXATION TIMES. C. F. Davis, 
Jr., M. W. P. Strandberg, and R. L. Kyhl, De- 
partment of Physics and Research Laboratory 
of Electronics, Massachusetts Institute of Tech- 
nology, Cambridge, Massachusetts (Received 
May 6, 1958). ° 


A discussion of the experimental problems en- 
countered in making spin-lattice relaxation 
measurements in electron paramagnetic systems 
at low temperature is presented. Gadolinium and 
chrome ion spin-lattice relaxation times, meas- 
ured by a pulse saturation technique in the time 
domain, are given. The relation of these spin- 
lattice relaxation times with relaxation times 
measured in the frequency domain by observing 
a saturation parameter is discussed. 


RECTIFICATION, PHOTOCONDUCTIVITY, 
AND PHOTOVOLTAIC EFFECT IN SEMICON- 
DUCTING DIAMOND. M. Drake Bell” and Wil- 
liam J. Leivo, Oklahoma State University, Still- 
water, Oklahoma (Received April 21, 1958). 


Studies of the rectification between a metal 
point and p-type semiconducting diamond show 
that the formation of the potential barrier is 
essentially independent of the work function of 
the metal. The rectifying barrier apparently is 
formed by the establishment of equilibrium be- 
tween charges in surface and interior states as 
proposed by Bardeen for the case of silicon. 
The semiconducting diamonds are photoconduc - 
ting in the ultraviolet and visible regions with 
the maxima occurring at 224, 228, 640 and 890 
my. Previously, diamonds have not been ob- 
served to be photoconducting in the visible re- 
gion; however, it has been observed that in 
some cases an enhancement of conductivity in- 
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duced by ultraviolet radiation results upon si- 
multaneous irradiation with red light. There is 
agreement between the spectral response of 
photoconductivity and photovoltages developed at 
metal contacts with the exception that photo- 
voltages developed near 440 mp were not ob- 
tained in photoconductivity. 


*Now with Phillips Petroleum Company, Bartles- 
ville, Oklahoma. 


FIELD DEPENDENCE OF NEUTRON SCATTER- 
ING BY SPIN WAVES. B.N. Brockhouse, Phy- 
sics Division, Atomic Energy of Canada Limited, 
Chalk River, Ontario, Canada (Received May 9, 
1958). 


The energy distribution of neutrons scattered 
in the vicinity of the 111 reciprocal lattice point 
of magnetite have been measured with and with- 
out a magnetic field along the scattering vector. 
The intensity with a magnetic field was greater 
than with no field by a factor of 1.41, in approx- 
imate agreement with the theoretical value of 
1.5, showing that the one-quantum spin-wave 
scattering depends on the orientation of the spin 
system in the way predicted by theory. For spin 
waves of very low energy, competing effects of 
opposite sign apparently exist which render small 
the overall effect of a magnetic field on the dif- 
fuse scattering. 


PREDICTED RADIATION OF PLASMA OSCILLA - 
TIONS IN METAL FILMS. Richard A. Ferrell, 
Naval Ordnance Laboratory, White Oak, Silver 
Spring, Maryland, and University of Maryland, 


College Park, Maryland (Received May 2, 1958). 


Because of their highly collective nature it is 
predicted that plasma oscillations in a thin metal 
film should, under the proper circumstances, 
give off ultraviolet radiation. The plasma oscilla- 
tions can be excited by fast electrons, incident 
normal to the film and inelastically scattered by 
it. Surface effects are essential, and of the spe- 
cial types of oscillations which can occur ina 
plane parallel slab of electron gas, only that in- 
volving motion normal to the slab can radiate. 
The yield is computed to be one photon for every 
one thousand electrons incident at 10 kev. The 
radiation is at the plasma frequency, Wp, OF at 
2100 A for a sodium film. Its identification 
should be facilitated by the characteristic cosé 
dependence of the intensity, where 6 is the angle 


between the foil normal and the direction of 
emission of the photon. Straightforward compu - 
tation yields a radiative mean life of wp '(Ap/T) 
x(cos@/sin*@), which is generally shorter than 
that due to intrinsic interband damping, except at 
small angles. Ay is the photon wavelength and 7 
the film thickness. From the competition of the 
two decay modes it should be possible to deter - 
mine the intrinsic damping rate, and hence the 
product of the optical constants nk. The radiative 
lifetime is so short as to produce appreciable 
line-broadening, and thereby provide an inde- 
pendent check on the experiment. In the appen- 
dix the inelastic electron scattering coefficient 
is derived for the excitation in a thin film of the 
radiative-type plasma oscillations. 


CONDUCTIVITY OF NONPOLAR CRYSTALS IN 
STRONG ELECTRIC FIELD. 01. Jiro Yamashita, 
Radiation Laboratory, University of Pittsburgh, 
Pittsburgh, Pennsylvania (Received April 21, 
1958). 


The distribution function of the “hot electron” 
is investigated in germanium for the case of a 
small applied electric field, where both acous- 
tical- and optical-mode scattering exists. The 
electron energy loss due to the interaction with 
the optical mode is found to be quite large and 
it eliminates large parts of the quantitative dis- 
crepancy between the previous theory and ex- 
periment. 


THEORY OF THE FERROELECTRIC EFFECT 
IN ROCHELLE SALT. Toshio Mitsui, Brook- 
haven National Laboratory, Upton, New York 
(Received May 13, 1958). 


Mueller’s phenomenological theory of Rochelle 
salt, NaKC,H,O,°4H,O, has been generalized, 
and the properties of the clamped crystal de- 
scribed. A local field theory of the clamped 
crystal has been developed on the basis of the 
structure analysis of Frazer, Danner, and Pe- 
pinsky. Special care has been taken to avoid any 
arbitrary assumptions in the theory. A chart is 
given which shows conditions for the occurrence 
of ferroelectricity. It has been shown that the 
difficulties of Mason and Devonshire’s theories 
are the results of too simplified assumptions on 
the coefficients of the local field. Various quan- 
tities which appear in the theory have been cal- 
culated using the fact that the reciprocal sus- 
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ceptibility of the clamped crystal has a single 
zero value. The calculated coefficients which 
appear in the Taylor series expansion of Helm- 
holtz free energy agree well with those predicted 
by the phenomenological theory. An explanation 
is given for the properties of the mixed crystal 
series, Na[Kg(NH,), - q/C,H,O, *4H,0. 


MEISSNER EFFECT. Gregor Wentzel, The En- 
rico Fermi Institute for Nuclear Studies and the 
Department of Physics, University of Chicago, 
Chicago, Illinois (Received April 21, 1958). 


The magnetic properties of the Bardeen- 
Cooper-Schrieffer model of a superconductor 
are investigated by means of Bogoliubov’s math- 
ematical method. A derivation of the Meissner 
effect is given which is strictly gauge-invariant 
in every step. 


FERRIMAGNETIC RESONANCE IN NiMnO,. 

H. S. Jarrett and R. K. Waring, Central Research 
Department, Experimental Station, E. I. DuPont 
de Nemours and Company, Wilmington, Dela- 
ware (Received May 13, 1958). 


Ferrimagnetic resonance in single crystals of 
hexagonal NiMnO, has shown that the magnetic 
anisotropy is axial and the easy direction of 
magnetization lies in the basal plane. The mag- 
netic anisotropy field 2K/M equals 5.2 x 10* 
gauss, corresponding to an anisotropy energy of 
2.6 10° ergs/cm*. Resonance could not be ob - 
served at any orientation in single crystals of 
the isomorphous compound CoMnQ,. 


FINE STRUCTURE IN THE ABSORPTION-EDGE 
SPECTRUM OF Si. G. G. Macfarlane, T. P. 
McLean, J. E. Quarrington, and V. Roberts, 
Royal Radar Establishment, Malvern, England 
(Received May 2, 1958). 


Measurements of the absorption spectrum of 
Si, made with high resolution, near the main 
absorption edge, at various temperatures be- 
tween 4.2°K and 415°K, have revealed fine struc- 
ture in the absorption on the long-wavelength 
side of this edge. This structure has been ana- 
lyzed and can be interpreted in terms of indirect 
transitions involving, in general, phonons with 
energies corresponding to temperatures of 212°K, 
670°K, 1050°K, and 1420°K. The form of the 
absorption associated with each type of phonon 
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indicates that, as well as the formation of free 
electron-hole pairs taking place, excitons with 
a binding energy ~0.0073 ev are produced in the 
absorption process. The temperature depend- 
ence of the indirect energy band gap has been 
found, and using this along with data on the in- 
trinsic carrier density indicates an increase 
with temperature of the combined density-of- 
states effective mass of the electrons and holes. 
A smoothing out of the basic features of the 
curves is observed and shown to be consistent 
with relaxation broadening. A discussion of the 
significance of the energies of the phonons taking 
part in the indirect transitions to the lattice vi- 
brational spectrum of Si is given. 


ATOMIC HEAT OF DIAMOND FROM 11° to 
200°K. D. L. Burk’ and S. A. Friedberg, Physics 
Department, Carnegie Institute of Technology, 
Pittsburgh, Pennsylvania (Received April 7, 
1958). 


The atomic heat of 8.3 moles of clear diamond 
chips has been measured between 11° and 200°K 
in a vacuum calorimeter. The capsule correc- 
tion has been made a much smaller fraction of 
the total heat capacity in this work than in ear- 
lier investigations, resulting in improved accu- 
racy at the lowest temperatures. Comparison is 
made with the theoretical values of Marcus. The 
observations are consistent with the calculated 
6 variation and with a 6 (0) = 2240° +5°K calcu- 
lated from the elastic constants. Small discre- 
pancies with the theory at the lowest tempera- 
tures are attributed to causes other than the vi- 
brational heat capacity of the bulk lattice. 


*Now at Allegheny Ludlum Steel Corporation Re- 
search and Development Laboratories, Brackenridge, 
Pennsylvania. 


CONTROL OF LUMINESCENCE BY CHARGE 
EXTRACTION. P. J. Daniel, Ruth F. Schwarz, 
M. E. Lasser and L. W. Hershinger, Philco 
Corporation, Philadelphia, Pennsylvania (Re- 
ceived May 14, 1958). 


It has been discovered that the application of a 
potential of a few volts to phosphors of the ZnS 
group can quench the fluorescence. The effect 
has been observed in single-crystal and recrys- 
tallized wafers of the phosphors by illuminating 
one side with nonpenetrating light and applying 
a field, through suitable contacts, normal to the 
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illuminated surface. With the illuminated sur- 
face negative the fluorescence is reduced by an 
amount dependent on the voltage for as long as 
the voltage is maintained, and total extinction 
can often be obtained. The luminescent output 
follows variations in the applied voltage up to a 
maximum frequency which depends on the fluo- 
rescence time constant. 

The effect is shown to be a fundamental pro- 
perty of phosphor materials possessing large 
differences in hole and electron mobilities or 
capture cross section. It is explained in terms 
of a decrease in the excess electron density due 
to the extraction of holes from the illuminated 
surface by the field. A simple mathematical 
theory is proposed which accounts in detail for 
the observed effects and which predicts current- 
voltage relationships which have been confirmed 
experimentally. 


HALL EFFECT IN Lu, Yb, Tm, AND Sm. 

G. S. Anderson, S. Legvold, and F. H. Spedding, 
Institute for Atomic Research and Department of 
Physics, Iowa State College, Ames, Iowa (Re- 
ceived April 21, 1958). 


The Hall effect in Lu, Yb, Tm, and Sm has 
been studied as a function of temperature for 
the temperature range 40°K to 320°K in a mag- 
netic field of 5500 oe. The Hall coefficient for 
Yb is positive, while the Hall coefficients for 
Lu and Tm are negative. Sm has a negative 
Hall effect at room temperature, but at lower 
temperatures the sign apparently changes. 


DIFFUSION AND NUCLEAR SPIN RELAXATION 
IN WATER. J. H. Simpson” and H. Y. Carr, 
Rutgers University, New Brunswick, New Jersey 
(Received May 1, 1958). 


The diffusion coefficient and the spin-lattice 
relaxation time of protons in ordinary water have 
been measured in the temperature range 0-100°C 
using nuclear magnetic resonance free precession 
techniques. Unlike previous diffusion measure- 
ments, the present values describe the diffusion 
of protons rather than of foreign isotopes intro- 
duced as tracers. To within the experimental 
error, the Stokes-Einstein relation adequately 
describes the relative temperature dependence of 
viscosity and diffusion, but above the vicinity of 
40°C the spin-lattice relaxation does not follow the 
viscosity in the predicted manner. 


THEORY OF SUPERCONDUCTIVITY. Kei Yo- 
sida, Department of Physics, University of 
California, Berkeley, California (Received May 
6, 1958). 


The relation between the Bardeen-Cooper- 
Schrieffer theory and the Bogoliubov theory of 
superconductivity is discussed. It is shown that 
the B.C.S. trial wave function is derived by the 
same transformation as that used by Bogoliubov, 
and that the integral equation which determines 
an introduced parameter is equivalent. Some 
remarks are also made on the excited state 
wave functions. 


CHARGE SPECTROMETRY FOR Xe**’-Cs’*. 
Arthur H. Snell and Frances Pleasonton, Oak 
Ridge National Laboratory, Oak Ridge, Tennes- 
see (Received April 28, 1958). 


The distribution in charge of the product 
atoms of the radioactive decay Xe***-Cs'** has 
been examined under magnetic analysis. The 
relative intensities are found to be as follows, 
expressed in per cent of the decay events, and 
going respectively from charge 1 through charge 
23: 34.1, 3.74, 2.27, 2.15, 2.99, 4.27, 6.14, 
9.5, 12.3, 9.0, 6.06, 3.32, 1.76, 1.06, 0.66, 
0.32, 0.13, 0.050, 0.014, 0.0075, 0.0027, 0.0013, 
0.0005. In interpreting this charge spectrum, 
the initial part (charges 1 through 4) is attributed 
mainly to atoms that escape internal conversion, 
and the subsequent rise to a maximum at charge 
9 and decrease to charge 23 is attributed to 
atoms that suffer internal conversion. The ratio 
of the intensities of the two parts of the distribu- 
tion gives a total internal conversion coefficient 
for the K, Land M shells of 1.4, in rough agree- 
ment with work of others. Comparison is made 
with the charge spectrum arising from internal 
conversion in Xe**!™-Xe'*! which had previously 
been measured in the same apparatus. From the 
low-charge end of the spectrum, the probabili- 
ties of electron loss as a result of the beta decay 
alone are derived as follows: no-electron loss, 
0.8; 1-electron loss, 0.08; 2-electron loss, 0.04; 
3-electron loss, 0.03. The high-charge side of 
the spectrum shows a shallow dip in the region of 
charges 12, 13 and 14, and beyond that point 
there is relatively more intensity in Xe'*°-Cs!53 
than there is in Xe'*!™-Xe!*!_ The difference in 
shape probably results both from the higher 
K/(L+M) conversion ratio of Xe"**-Cs'** as com- 
pared with Xe!*!™-xXe!"! and from the fact that 
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the beta emission in Xe!**-Cs'*° introduces elec- 
tron loss by shake-off. The dip at charges 12, 

13 and 14 suggests an underlying structure in the 
total distribution, comprising subspectra asso- 
ciated with the individual electron shells in which 
the vacancy cascades originate. 


FERMI- THOMAS MODEL WITH CORRELA- 
TIONS. H. W. Lewis, Los Alamos Scientific 
Laboratory, University of California, Los Ala- 
mos, New Mexico (Received April 17, 1958). 


The Fermi-Thomas-Dirac equation is modi- 
fied to include correlations between electrons. 
An application is made to the equation of state. 
No numerical work with the modified equation is 
reported. 


PHOTONEUTRON REACTIONS IN N, O, F, Cu, 
Ag, AND In. Warren L. Bendel, John McElhinney, 
and Ralph A. Tobin, Nucleonics Division, United 
States Naval Research Laboratory, Washington, 
D. C. (Received May 12, 1958). 


With an energy scale based on an electrical 
“zero” and the (y,m) thresholds of F*, N"*, and 
C™, five (y,m) thresholds were measured: Ag'™, 
9.14+0.05 Mev; Ag” to 24-min Ag’™,9.43 + 0.05; 
Cu®, 9.89+0.11; Cu®, 10.80+0.04; and In'’* to 
49-day In'*”, 9.22+0.10. Breaks, interpreted 
to be levels in the initial nucleus, were found at 
10.47+0.02 Mev in F’® and 16.17+0.05 Mev in O”* 
The observed O'*(y,)O"* threshold was in poor 
agreement with the known Q value. Two half - 
lives were measured: F’*, 1.83+0.02 hours, and 
In'*™, 4941 days. 


INVESTIGATION OF D(d,nHe* NEUTRONS AT 

8.4 Mev. W.W. Daehnick and J. M. Fowler, Way- 
man Crow Laboratory of Physics, Washington 
University, St. Louis, Missouri (Received May 
15, 1958). 


The angular distribution of neutrons from the 
reaction D(d,n )He® has been obtained at 8.4+0.1 
Mev incident deuteron energy for center-of-mass 
angles 2° to 84°. A single plastic crystal was 
used as a detector and deuterium gas at 200 psi 
as a target. The distribution is fitted by a sum of 
Legendre polynomials. It is also compared with 
the predictions of nuclear stripping theory, and 
adequate agreement is found with an angular dis- 
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tribution of the form do/dQ<h ,? - §hghq’+hq” 
where the hy and hz, represent the simple 
Butler stripping distributions for the incident 
and target deuterons respectively. The inter- 
action radius necessary was R,=7 x107* cm. 


DISINTEGRATION OF La’*® AND CONFIRMA - 
TORY EXPERIMENTS ON Nd‘*’. Allan C. G. 
Mitchell, Charles B. Creager, and C.W. Koch- 
er, Physics Department, Indiana University, 
Bloomington, Indiana (Received May 1, 1958). 


The disintegrations of La™*®, Ba’**””’, and Nd’*” 
have been studied with the help of magnetic 
spectrometers and scintillation counters. La’®® 
decays almost entirely by electron capture. The 
half-life has been found to be 19.8+0.2 hr. Elec- 
tron capture to the ground state takes place in 
95-97 % of all disintegrations. Gamma rays of 
energies 104, 218, 265, 295, 367, 481, 488, 642, 
862 kev have been found. There is a very weak 
positron spectrum. The internal conversion co- 
efficient of the line at 481 kev has been measured 
The value ay =0.0130 indicates an M1 transition. 
The line at 862 kev has ax =2.5x107°. The dis- 
integration scheme is discussed. The internal 
conversion coefficient of the line at 265 kev from 
Ba'**” has been found to be a,-=3.82 +0.2. The 
spectrum of Nd'*’ has been reinvestigated, con- 
firming the scheme of Hans, Saraf and Mande- 
ville. The internal conversion coefficient for the 
line at 82 kev has been found to be 1.52 +0.05. 


LOW-LYING EXCITED STATES OF Na”, G. M. 
Temmer and N. P. Heydenburg, Carnegie Insti- 
tution of Washington, Department of Terrestrial 
Magnetism, Washington, D. C. (Received May 7, 
1958). 


Using the singly and doubly ionized helium 
beams as well as a He® beam from our electro- 
static generator, we have studied the low-lying 
level structure of Na” in the F’*(a,ny)Na”* and 
Ne *°(He®, py)Na” reactions, respectively. We 
found one excited state at 666 +4 kev in addition 
to most other states previously discovered in 
the self-conjugate reaction Mg**(d, a )Na”* which 
presumably yields only states having T =0.We 
believe this state to be the 0* analog of the 
ground states of the two neighboring even-even 
nuclei forming the 7 = 1 triplet at A=22. By 
various coincidence experiments, this state is 
found to decay by a 73-kev transition, having a 
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probable half-life of 0.014 psec, to the first ex- 
cited state of Na” at 593 kev, which in turn de- 
cays to the 3* ground state with a half-life of 
0.266 +0.010 psec. With the plausible assignment 
of 1* for the 593 -kev state (0* being completely 
ruled out by the half-life) this would represent a 
pure Ml-pure £2 cascade, whose strengths would 
be 0.0045 and 0.0077 single-particle units, re- 
spectively. The location of the first T=1 state 
occurs exactly as expected from a systematic 
study of the A=4n+2 series Coulomb-energy 
differences, lending additional support to the 

I= 0*, T=1 assignment. 

We observed proton groups to most previously 
known states, and one new one at 3.75 Mev. A 
number of higher-energy gamma rays were 
found in coincidence with those already mention- 
ed which we can interpret within the framework 
of known excited states. 


(d, )) REACTIONS IN THE Pb ISOTOPES AND ‘ 
THEIR INTERPRETATION. M. T. McEllistrem, 
H. J. Martin, D. W. Miller, and M. B. Sampson, 
Indiana University, Bloomington, Indiana (Re - 
ceived May 5, 1958). 


© values and differential cross sections have 
been measured for nuclear states excited by the 
Pb? (d, ») Pb?°’, Pb?” (d, ») Pb?®, and Pb*® 
(d, b) Pb*® reactions. The known properties of 
the Pb*® ground state, the low-lying states of 
Pb*°’, and the Pb? ground state are used to 
confirm the possibility of a stripping interpreta- 
tion for these reactions. This interpretation is 
used to suggest possible assignments for the 
other observed states in Pb?” and Pb?™; in par- 
ticular, the ground state of Pb ?” is consistent 
with a g,, assignment. The first excited state 
of Pb 7° does not seem to behave like a single- 
particle state. 


*Now at University of Kentucky, Lexington, 
Kentucky. 


COUPLING OF ANGULAR MOMENTA IN ODD- 
ODD NUCLEI. C. J. Gallagher, Jr., Norman 
Bridge Laboratory of Physics, California Insti- 
tute of Technology, Pasadena, California, and 
S. A. Moszkowski, University of California, Los 
Angeles, California (Received March 26, 1958). 


The coupling of the angular momenta of indivi- 
dual particle states in odd-odd nuclei is shown 
to be generally describable as spin-spin coupling 


if the asymptotic -quantum-number description 
of particle states is used for deformed nuclei. 
Coupling rules for these nuclei are given, and 
all available data are treated by them. The re- 
sults are compared with results based upon a 
j-j coupling model for a spherical nucleus. A 
formula based upon the present coupling descrip- 
tion is given for calculating magnetic moments 
of deformed nuclei, and magnetic moments cal- 
culated by it are compared to the experimental 
moments and to those calculated assuming the 
gyromagnetic ratios of the odd nucleons are 
those given by the Schmidt formulas. A qualita- 
tive theoretical discussion of the basic validity 
of the coupling rules is given. 


SPALLATION-FISSION COMPETITION IN 
HEAVIEST ELEMENTS; HELIUM ION-INDUCED 
REACTIONS IN URANIUM ISOTOPES. R. Van- 
denbosch,* T. D. Thomas, S. E. Vandenbosch, * 
R. A. Glass,f and G. T. Seaborg, Radiation Lab- 
oratory and Department of Chemistry, Univer- 
sity of California, Berkeley, California (Re- 
ceived March 17, 1958; revised manuscript re- 
ceived June 16, 1958). 


A radiochemical study of fission and spallation 
products produced by bombardment of U**5, U**°, 
and U*** with 18—46-Mev helium ions has been 
made. As in the case of similar studies using 
isotopes of plutonium as targets, most of the 
reaction cross section is taken up by fission. 
Also, the pronounced increase of the total cross 
section for (a,xm) reactions with increasing 
mass number of the target that was observed for 
plutonium targets is observed for uranium tar- 
gets. 

Excitation functions for (a,2n), (a,3mn), (a, 4n) 
reactions are interpreted in terms of compound 
nucleus formation and fission competition at the 
various stages of the neutron evaporation chain. 
The importance of neutron binding energies for 
the competition between fission and neutron 
emission is stressed. An existing model for 
neutron evaporation following compound nucleus 
formation has been extended to include the effect 
of fission competition. Results of calculations 
based on this model show good agreement with 
those features of the (a, xm) excitation functions 
believed to result from compound nucleus for- 
mation. These calculations also show that fis- 
sion usually precedes neutron evaporation for 
helium-ion-induced reactions of U*** and U**. 
The excitation functions for the (a,), (a, p), 
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(a, pn) + (a,d), (a, p2n) + (a,t), and (a, p3n) + 
(a, tn) reactions are discussed in terms of di- 
rect interaction mechanisms involving little 
competition from fission. 

Fission shows an increase in symmetry with 
energy and becomes symmetric at about 40 Mev 
energy of the helium ions. There is no signifi- 
cant difference in the symmetry of fission for 
the three uranium isotopes. Total reaction 
cross sections, including those for both fission 
and spallation reactions, indicate a nuclear radi- 
us parameter r, slightly larger than 1.5x10°"*" 
cm. 


* Present address: Argonne National Laboratory, 
Lemont, Illinois. 

1 Present address: Stanford Research Institute, 
Menlo Park, California. 


NUCLEAR SPIN -ELECTRON-NEUTRINO COR- 

RELATION IN FORBIDDEN 8-DECAY. Adam M. 

Bincer, Brookhaven National Laboratory, Upton, 
New York (Received April 24, 1958). 


The distribution function correlating the elec- 
tron and neutrino momenta with the spin orienta- 
tion of the parent or daughter nucleus is calcu- 
lated for forbidden transitions. Attention is fo- 
cused on the 8-decay interaction law form and 
behavior under time reversal. The near equiva- 
lence of the VA and STP forms is noted and a 
generalized substitution law relating the VA, 
STP, and VASTP forms is derived. A number 
of experiments distinguishing between the VA 
and STP forms are discussed in detail. Lastly, 
experiments testing time-reversal invariance are 
discussed with special emphasis placed on those 
terms in the distribution function which are not 
due to Fierz-like interferences and are not ob- 
scured by Coulomb effects. 


PRECISION DETERMINATION OF GAMMA 
RAYS FOLLOWING (9, p’y) AND (), ny) REAC- 
TIONS. E. L. Chupp, J. W. M. DuMond,” F. J. 
Gordon, R. C. Jopson, and Hans Mark,? Radia- 
tion Laboratory, University of California, Liv- 
ermore, California (Received May 2, 1958; re- 
vised manuscript received May 12, 1958). 


The gamma rays following (p, p’y) or (p, ny) 
reactions in seven isotopes have been studied 
with a bent quartz crystal spectrograph. The 
intense gamma-ray sources necessary for such 
experiments were provided by bombarding var- 
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ious target materials with large proton beam 
currents from the A-48 accelerator. The follow- 
ing reactions and associated gamma rays have 
been observed: F*(p, p’y), 109.87 +0.04 kev; 
Ti** (p, ny) V**, 90.65+0.02 kev, 62.29+0.01 kev; 
Mn®™ (p, p’y), 125.87+0.05 kev; Ni® (p, p’y), 
67.40+0.01 kev; Cu® (p, my) Zn®, 53.93+0.01 
kev, 61.20+0.01 kev, 115.09+0.04 kev; Ge™(p, 
p'y) 67.034 0.01 kev; and Se™ (p, ny) Br®, 37.05 
+0.01 kev. 


* 
At California Institute of Technology, Pasadena, 
California. 
tNow at Massachusetts Institute of Technology, 
Cambridge, Massachusetts. 


RADIATION OF Co**. Ambuj Mukerji,* V. S. 
Dubey,! and S. S. Malik, ? Bartol Research Foun- 
dation of the Franklin Institute, Swarthmore, 
Pennsylvania (Received January 27, 1958; re- 
vised manuscript received June 16, 1958). 


The radiations of Co™ have been studied in a 
thin lens magnetic beta-ray spectrometer and in 
coincident scintillation spectrometers. By ob- 
servation of the internal conversion lines and the 
unconverted gamma spectrum, gamma rays of 
energies 1410, 937, 476 and 247 kev have been 
resolved. No other gamma ray of higher energy 
decaying with an 18-hr half-life could be ob- 
served after careful search of that region using 
a 43-in. diam. and 4-in. thick Nal(T1) crystal. 
The Fermi-Kurie analysis of the positron spec- 
trum yielded three groups of positrons of maxi- 
mum energies 1510 (61%), 1040 (45%) and 790 
(4%) kev. These measurements revealed energy 
levels of the residual nucleus, Fe®*, at 937, 1410 
and 1657 kev. 


*Present address: Agricultural and Mechanical 
College of Texas, College Station, Texas. 
Present address: Physics Department, Agra Col- 
lege, Agra, India. 
Permanent address: Muzaffar Nagar (U. P.), 
India. 


RADIATIONS OF Os?®. S. S. Malik and Ambuj 
Mukerji,* Bartol Research Foundation of the 
Franklin Institute, Swarthmore, Pennsylvania 
(Received March 31, 1958; revised manuscript 
received June 26, 1958). 


The radiations of Os’® have been examined in 
a thin magnetic lens beta-ray spectrometer and 
in coincident scintillation spectrometers. By 
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these means, gamma rays of energies 75, 122, 
158, 233, 593, 643, 718, 750, 870, and 878 kev 
have been observed, revealing excited energy 
levels of the residual nucleus, Re’™, at 122, 
643, 718, 870, and 878 kev. Internal conversion 
coefficient measurement showed the 643-kev 
gamma ray to be predominately £2. A search 
for positrons was made by observing gamma- 
gamma coincidences with the counters placed at 
180° and 90°. An upper limit of (4 + 3) x10~° 
positron per disintegration could be set. 


*Present address; Agricultural and Mechanical 
College of Texas, College Station, Texas. 


POLARIZATION OF THE PROTON FROM PHO- 
TODISINTEGRATION OF THE DEUTERON. Ma- 
saaki Kawaguchi, Department of Physics, Pur- 
due University, Lafayette, Indiana (Received 
May 2, 1958). 


The transverse polarization of the outgoing 
proton from the photodisintegration of the deu- 
teron is calculated in the angular momentum 
representation, without assuming any detailed 
interaction among particles. General formulas 
for the polarization as well as for the angular 
distribution are given in terms of the Racah co- 
efficients. If we write the angular distribution in 
a form a+b sin*® 6 (1+2c cos @), the polarization 
is given in terms of a, 5, c, and the nucleon- 
nucleon scattering phase shifts of the S, P, and 
D states under reasonable assumptions. By 
using experimental values of a, b, and c, and 
scattering phase shifts as much as available and 
also some theoretical estimates of the phase 
shifts, 20 to 30% polarization is expected for up 
to 40-Mev gamma rays and 10 to 20% for 140- 
Mev gamma rays over a wide range of angles in 
the center of mass system. 


LEVELS OF Be’® AND B’°. W. E. Meyerhof, 
Norman Bridge Laboratory of Physics, Califor- 
nia Institute of Technology, Pasadena, Califor- 
nia, and L. F. Chase, Jr., Department of Phys- 
ics, Stanford University, Stanford, California 
(Received May 12, 1958). 


The gamma rays produced in the bombardment 
of Be® (thick target) with 2.8-Mev deuterons 
were measured with a three-crystal pair spec- 
trometer. The gamma rays are assigned in a 
consistent manner to decay from known levels of 
Be’° and B’°. Using information from stripping 


reactions it can then be inferred that the spins 
of the 5.96- and 6.26-Mev levels of Be’® are 1 
and 2 , respectively. Furthermore, it is shown 
that the gamma-ray and stripping information is 
consistent with spins 2~ and 2* for the 5.11- and 
5.16-Mev levels of B*®, respectively, and that 
the 5.16-Mev level of B’® must have a very small 
alpha-particle reduced width, in accordance with 
a proposal of Wilkinson and Jones. Reduced 
widths of many levels of Be’® and B’° are summa- 
rized and analog levels in the two nuclei are 
searched for and compared. 


TOTAL CROSS SECTION OF HYDROGEN FOR 
143- TO 205-Mev POSITIVE PIONS. S. J. 
Lindenbaum and Luke C. L. Yuan, Brookhaven 
National Laboratory, Upton, New York (Re- 
ceived April 24, 1958). 


By means of counter techniques, a higher- 
precision determination of the 7* + p total cross 
section in the neighborhood of the T = J = 3/2 
resonance has been made. The energy width, 
statistical errors, and absolute errors were 
considerably reduced in an extension of our pre- 
viously reported work. The eight total cross 
sections which were determined in the pion ki- 
netic energy range of 140 to 205 Mev are com- 
pared to other earlier work and their theoreti- 
cal interpretation is discussed. 


ELECTRODISINTEGRATION OF Be® AND C”. 
W. C. Barber, High-Energy Physics Laboratory, 
Stanford University, Stanford, California (Re- 
ceived March 31, 1958). 


Yields from the reactions Be*(e, e’n) and Be’ 
(y, m), as well as the relative yields from C(e, 
e’n)C™ and C#(y,n)C, were measured under 
conditions which permitted a comparison of the 
relative effects of electrons and bremsstrahlen 
from electrons in producing nuclear reactions. 
The primary electron energies were from 6 to 
17 Mev in the case of Be, and 24 to 145 Mev in 
the case of C. Comparison of the experimental 
results with the theory of electrodisintegration 
gives information about the multipole order of 
the electromagnetic transitions involved. The 
Be® results agree with theory if the reaction 
mechanism is predominantly electric-dipole. 
For C”, a mixture of 92% electric-dipole with 
8% electric-quadrupole intensities gives agree- 
ment with theory over the energy range 28-145 
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Mev, provided that the finite size of the C nu- 
cleus is taken into account. The method of con- 
sidering the finite nuclear size in the theory is 
presented, and the results previously obtained 
by Reagan for the reactions F’*(e, e’2p)N*” and 
F'*(y,2p)N*” are shown to be in good agreement 
with the modified theory for an electric-quad- 
rupole transition. 


C!2(p, pn)C4 CROSS SECTION AT 2 AND 3 BEV. 
J. B. Cumming, G. Friedlander, and C. E. 
Swartz, Chemistry and Cosmotron Departments, 
Brookhaven National Laboratory, Upton, New 
York (Received May 7, 1958). 


Absolute measurements of the C’*(p, pn)C™ 
cross sections were carried out in the external 
pencil beam of the Cosmotron at 2 and 3 Bev. 
The proton flux was measured with a counter 
telescope, and the C™ activity induced in 1-in. 
thick plastic scintillators was determined by 
internal scintillation counting. Corrections for 
the formation of C by secondary particles pro- 
duced in the thick targets were determined in 
separate experiments in which thin- and thick- 
target cross sections were compared directly. 
Other corrections for scattering and absorption 
effects and for deadtime losses in counters are 
discussed. Measurements were carried out 
both at proton fluxes sufficiently low to permit 
direct counting with the primary telescope and 
at higher fluxes which required scaling proce- 
dures with secondary telescopes. The measured 
cross sections for the C’*(p, pm)C™ reaction are 
26.0+ 0.9 and 26.6+1.0 mb at 2.0 and 3.0 Bev, 
respectively. From these data and from previ- 
ously published cross section ratios, the cross 
section of the Al?"(p, 3pn)Na™ reaction is found 
to be 10.4+0.6 and 10.0+ 0.6 mb at 2.0 and 3.0 
Bev, respectively. 


PRODUCTION SPECTRUM OF MESONS IN HIGH 
ENERGY NUCLEON-NUCLEON COLLISIONS. 

M. W. Teucher, D. M. Haskin, and Marcel 
Schein, Department of Physics, University of 
Chicago, Chicago, Illinois (Received May 2, 
1958). 


In order to obtain a production spectrum of 
mesons in the center of mass system, three 
high-energy nuclear collisions were selected 
which satisfy very stringent criteria for nucle- 
on-nucleon collisions and for which the momenta 
of all charged particles could be measured in 


162 


the laboratory system. The results show that 
more than one-half of the mesons have energies 
less than 1 Bev in the center of mass system. 
Only a few particles emitted under very small 
angles in the forward and backward direction 
have higher energies, extending up to 10 Bev. 
The low-energy end of the spectrum is compared 
with results obtained in experiments with the 
Berkeley Bevatron. 


7™-MESIC DECAY OF A HELIUM HYPERNUC- 
LEUS. R. Levi Setti and W. E. Slater, The En- 
rico Fermi Institute for Nuclear Studies, The 
University of Chicago, Chicago, Illinois (Re- 
ceived May 1, 1958). 


The observation of a hypernucleus decaying 
into an electron pair, a recoil, and one or more 
neutral particles, is reported here. The event 
was produced by a K” capture in emulsion. The 
charge of the hypernucleus was determined as 
Z=2. The most probable interpretation of this 
unusual event is the reaction: ,He* ~1°+ Het. 
However, jHe*»*—1°+m + He*»* cannot be ruled 
out, since a reliable determination of the energy 
of the electrons at emission cannot be made. 


MONTE CARLO CALCULATIONS OF HIGH- 
ENERGY NUCLEAR INTERACTIONS. I. SYS- 
TEMATICS OF NUCLEAR EVAPORATION. 

I. Dostrovsky, Brookhaven National Laboratory, 
Upton, New York, and Weizmann Institute of 
Science, Rehovoth, Israel; P. Rabinowitz, 
Weizmann Institute of Science, Rehovoth, Israel; 
and R. Bivins, * Los Alamos Scientific Labora- 
tory, University of California, Los Alamos, 
New Mexico (Received March 31, 1958). 


The process of nuclear de-excitation by eva- 
poration has been calculated using a Monte Carlo 
method and fast electronic computers. The 
competition between the emission of neutrons, 
protons, deuterons, tritons, He*, and He‘ has 
been studied as a function of various parameters 
and experimental conditions. A systematic sur- 
vey is presented for a range of atomic numbers, 
mass numbers, and excitation energy of initial 
nuclei. The nuclides studied extend from A = 49 
to A = 239 with Z = Za +3. The range of exci- 
tation energies for which computations are pre- 
sented extends from 100 - 700 Mev. Among the 
parameters affecting the process, the impor- 
tance of the temperature correction of the 
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Coulomb barrier and the level density para- 
meters are considered in detail. The average 
properties of the process such as average num- 
bers of the various particles emitted, the aver- 
age number of nucleons, of charged particles, 
and of charges emitted are summarized in 
graphical and tabular form for various combina- 
tions of the parameters used in the computation. 
Energy spectra of the various emitted particles 
are also shown. 


*Now at the University of Illinois, Urbana, Illinois. 


IMPROVED SUM RULE FOR ELECTRON -DEU- 
TERON SCATTERING.  R. Blankenbecler, 
Stanford University, Stanford, California (Re- 
ceived May 13, 1958). 


A qualitative discussion of the approximation 
implicit in the present theoretical treatment of 
the deuteron is presented. An improved sum rule 
which relates the total elastic and inelastic scat- 
tering of electrons from the deuteron to the free 
electron-nucleon cross sections is derived. It has 
the property of reducing to the correct relativis- 
tic result upon neglect of binding. It is proved 
that the use of folded nucleon and nuclear form 
factors is correct. It is shown that the finite 
nucleon size does not affect any real photon 
process. 


CLOUD CHAMBER SEARCH FOR PARTICLES 
IONIZING LESS THAN AN ELECTRON. H. C. 
Fitz, Jr., William B. Good, James L. Kassner, 
Jr., and Arthur E. Ruark,* Department of 
PhysicsandAstronomy, University of Alabama, 
University, Alabama (Received April 21, 1958). 


Since ionization due to a charged particle 
varies with the square of its charge, a very 
clean cloud chamber can be used to search for 
particles having charges, ze, much less than the 
electronic charge. Similar remarks hold true 
for magnetic monopoles of relativistic speed. A 
horizontal cloud chamber constructed by Pro- 
fessor J. A. Bearden was employed, in the 
gamma flux from a radium source, to search 
for such particles. The sensitive time was about 
1.5 seconds. The background was at least 60 
times less than values commonly reported for 
“clean” chambers. No subionizers with z in the 
range 4 to # were seen during a time in which 
about 900 electron tracks were recorded, one 
million gamma rays traversed the chamber, and 


3 million disintegrations were available to give 
rise to such particles. 

A vertical chamber 12 in. high was used to 
look for subionizers in the cosmic ray flux. The 
background ranged from 0.05 to 1.0 drop per cc, 
with a usable sensitive time of 0.3 seconds. 
Techniques for a more limited search was de- 
veloped; use was made of the fact that back- 
ground drops are single and well separated, 
while there are many clumps of ions along a 
track. No subionizers appeared in a body of 
photographs containing 550 electron and mu- 
meson tracks. 

It was shown by study of “ghost tracks” that 
neutral nuclei are a major source of the back- 
ground commonly encountered in tall chambers. 


* Present addresses, respectively: Sandia Base, 
Albuquerque, N. M.; New Mexico College of Agri- 
culture and Mechanic Arts, State College, N. M.; 
Missouri School of Mines and Metallurgy, Rolla, 
Missouri; and Division of Research, U. S. Atomic 
Energy Commission, Washington, D. C. (on leave 
from the University of Alabama). 


PHENOMENOLOGICAL ANALYSIS OF THE 
PRODUCTION OF PION PAIRS. Ronald F. 
Peierls, Laboratory of Nuclear Studies, Cor- 
nell University, Ithaca, New York (Received 
April 17, 1958). 


The angular distribution for the production of 
pairs of pions by photons or pions incident on 
nucleons is analyzed in terms of the various 
angular momentum states involved. A general 
expression is derived and then the effect of 
various assumptions about which states should 
be important is examined. It is found that an 
examination of the relative azimuth of the pions 
should give information about the nature of the 
process, and in particular about the existence 
of a resonant state of the nucleon, and its an- 
gular momentum. 


VERTEX FUNCTION IN QUANTIZED FIELD 
THEORIES. Reinhard Oehme, Department of 
Physics and the Enrico Fermi Institute for Nu- 
clear Studies, University of Chicago, Chicago, 
Illinois (Received April 23, 1958). 


An integral representation is given for the 
vertex function FC’, p*, (k- p)?). This represen- 
tation is obtained on the basis of local commu- 
tativity and the spectral conditions. It exhibits 
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the set of points k’, p*, for which F is analytic in 
(k- p)? except for the physical cut. The limita- 
tions found in the representation are discussed 
on the basis of examples obtained from pertur- 
bation theory. These examples give some insight 
into the question of further analytic continuation 
in k? and p’. 


NEW APPROACH TO GENERAL RELATIVITY. 
Huseyin Yilmaz, Applied Research Laboratory, 
Waltham Laboratories, Sylvania Electric Pro- 
ducts Incorporated, Waltham, Massachusetts 
(Received December 12, 1957; revised manu- 
script received July 21, 1958). 


A generally covariant scalar field theory of 
gravitation is presented. The principle of equiv- 
alence as well as the principle of general cova- 
riance are preserved. A functional solution of 
Einstein’s field equations is obtained for the 
general time-independent case. The theory pre- 
dicts correctly the results of the three crucial 
tests of general relativity. Implications con- 
cerning the self-energy of point particles is 
presented. A new theory of cosmology is given 
and its application to the time-scale problem 
and to the derivation of the Mach principle are 
discussed. A new principle called the principle 
of observation is introduced. 


LONGITUDINAL POLARIZATION OF BREMS- 
STRAHLUNG AND PAIR PRODUCTION. Kirk 
W. McVoy, Brookhaven National Laboratory, 
Upton, New York (Received May 8, 1958). 


The Born approximation bremsstrahlung (and 
pair production) cross sections, valid at all en- 
ergies and angles, are given for all possible 
states of longitudinal polarization of the particles 
involved. ; 

When the photon incoming electron angle (6,) 
and the photon-outgoing electron angle (6) are 
both zero, a cancellation of Feynman diagrams 
causes all cross sections to vanish in Born ap- 
proximation. Further, if both 6, and @ are 
small compared to m’/K?, the “spin flip” cross 
sections are small (of order &) relative to the 
“non spin flip” ones. When account is taken of 
the above cancellation, angular momentum con- 
servation is sufficient to determine this small- 
angle behavior, but it explains neither the sign 
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nor the magnitude of the bremsstrahlung circu- 
lar polarization. 


SCATTERING AMPLITUDES FOR THE THIR- 
RING MODEL. Frederick L. Scarf, Department 
of Physics, University of Washington, Seattle, 
Washington (Received May 9, 1958). 


The lowest order covariant equation for the 
two-particle scattering amplitude in the Thirring 
model is derived and solved. The results are 
compared with the exact amplitude which can be 
computed using Glaser’s techniques. Theapprox- 
imate equation contains many spurious solutions 
which have reasonable asymptotic behavior. 
Furthermore, some important features of the 
exact results are not reproduced in any of the 
ladder approximation amplitudes. 


DIRAC -LIKE WAVE EQUATIONS FOR PARTI- 
CLES OF ZERO REST MASS AND THEIR QUAN- 
TIZATION. J. S. Lomont, International Business 
Machine Research Center, Ossining, New York 
(Received May 1, 1958). 


The basic algebraic structure of the Maxwell 
equations (in a particular form) is first abstrac- 
ted. This structure is then used as a model for 
wave equations for other massless particles. 
Gauge -independent wave equations of Dirac type 
(more precisely, of Pauli type) are thus found 
for every half-integral positive spin. Multiple- 
spin equations of Dirac type are also found. The 
single-spin equations are then quantized. The 
infinite -dimensional equations are not consid - 
ered. 


EFFECT OF STRANGE PARTICLES ON MAG- 
NETIC MOMENTS OF NUCLEONS. Suraj N. 
Gupta, Department of Physics, Wayne State 
University, Detroit, Michigan (Received April 
28, 1958). 


The effect of heavy mesons and hyperons on 
the anomalous magnetic moments of nucleons is 
discussed. The present investigation suggests 
that (a)K mesons behave as pseudoscalar par- 
ticles in strong interactions, and (b) there exists 
a hitherto unobserved highly unstable heavy 
neutral scalar meson, which is coupled strongly 
to the nucleons. 
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